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FOREWORD 


A perusal of the tables of contents of this volume and of the previous volumes in the series of Transactions 
of the Mining Branch of the American Institute of Mining, Metallurgical, and Petroleum Engineers reveals a 
gradual trend from a purely pragmatic approach to our problems toward the scientific. Mineral engineering has 
become less an art and more a sclence as a more suitable climate for research has been provided for the 
engineer. With this proper stimulation the mineral engineer is gradually removing the walls that have isolated 
our technical specialties until now it is difficult to delineate boundaries between beneficiation and hydrometal- 
lurgy, between geology and geophysics, and between exploration and mining. 

It has been said that the scope of scientific endeavor is as limitless as man’s total ignorance of his environ- 
ment. To alleviate this ignorance in some measure, and to encourage others to contribute from their researches 
and experience, this volume has been presented. By our policies for publication and for programming we have 
brought together contributions to mining engineering, as broadly defined, not only from engineers and scien- 
tists within the confines of our own discipline but also from physicists, physical chemists, and mathematicians 
of world renown. 

: Despite the Increase in scientific knowledge it will remain important for many years to report advances 
in the art of mining in areas where there is little scientific basis. Keeping informed on advances in the art is 
vital to the engineer who must solve every problem he faces—by science if it exists, by art if there is no science. 
Will Mitchell, Jr. 
Chairman, Mining Branch 


CONTENTS 


_ MINING ENGINEERING was paged consecutively throughout 1956. Thus in this volume of the Mining Transac- 
tions there are 11 interruptions in the pagination. The missing pages appeared in MINING ENGINEERING. This 
volume consists of all the Mining Transactions for 1956. 
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Uranium Deposits in the Black Hills 


Since uranium ore was discovered in the Black Hills in 1951, prospecting and mining 
activity have increased steadily. Recent exploration by the Government and by private 
industry has resulted in discovery of several orebodies of 10,000 tons or more. Structural 
features are believed to exert important control on localization of ore deposition, and 
surface mapping of these features provides a means of determining potentially favor- 


able areas of a few tens of acres. 


by John W. King 


Uj RANIUM ore was first discovered in the Edge- 
mont district of the southern Black Hills in the 
summer of 1951. The discovery was not made known 
for some time, but after the news leaked out pros- 
pecting became intense, and several hundred claims 
were staked in the spring of 1952. The Hot Springs 
Sub Office of the Atomic Energy Commission was 
established at that time and airborne radiometric 
surveys were commenced by the Government and by 
private companies. During the succeeding summer 
another important discovery was made by private 
airborne surveys in the northern Black Hills, and 
the area favorable for uranium ore was expanded 
many times. Between that summer of 1952 and the 
present, many individuals and groups have ex- 
plored, developed, and exploited their claims until 
now uranium ore is produced in significant quanti- 
ties and substantial reserves have been developed. 

The Black Hills portion of the geologic map of the 
U. S. issued by the U. S. Geological Survey is shown 
in Fig. 1. Sedimentary formations are exposed as a 
series of cuestas and hogbacks in a roughly annular 
pattern with the older sediments resting on the pre- 
Cambrian core, which is exposed in the eastern and 
southern portions of the dome. 

The South Dakota-Wyoming state line bisects the 
area from north to south. The Cheyenne River 
crosses the southern tip of the Black Hills and the 
Little Missouri bounds them roughly on the north. 

Headquarters of the AEC in the Black Hills is the 
Sub Office at Hot Springs, S. D. An ore buying sta- 
tion is located in Edgemont, 28 miles to the south- 
west, where a mill is presently under construction. 
The area of original uranium ore discovery and of 
principal activity in the southern Hills is a few 
miles north of Edgemont. Several areas of ano- 
malous radioactivity have been noted between 
Dewey, S. D., and Newcastle, Wyo. A limited amount 
of ore has come from the Dewey area and private 
exploration is active there. 


J. W. KING is Chief, Hot Springs Sub Office, Div. of Raw Mate- 
rials, Atomic Energy Commission, Hot Springs, S. D. 

Discussion of this paper, TP 41311, may be sent (2 copies) to 
AIME before March 31, 1956. Manuscript, Feb. 14, 1955. Chicago 
Meeting, February 1955. 
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The Carlile deposit, largest producing mine in the 
northern Black Hills to date, lies northwest of the 
Belle Fourche River near the western extremity of 
the Hills. Two of the larger known orebodies of the 
area are located near the Little Missouri River 
where a small window exposes the favorable strati- 
graphic horizon of the Fall River sandstone. Small 
production has recently come from Barlow Canyon, 
near Devils Tower, Wyo., Fig. 2, and numerous areas 
of anomalous radioactivity are known in the vicin- 
ity. Three producing deposits and scattered radio- 
activity are found along the state line east of Alad- 
din, Wyo. Several areas of weakly anomalous radio- 
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Fig. 1—Black Hills portion of USGS geologic map of the U.S. 


Fig. 2—Aerial view looking westerly, showing Devils Tower 
with Missouri Buttes in background. Several producing mines 
(Carlile, Barlow Canyon, and New Hayen) are in this vicinity. 


activity are known near Sturgis, S. D. The eastern 
margin of the Hills shows little encouragement in 
spite of the fact that it has been carefully flown by 
AEC and prospected on the ground by numerous 
private parties. 

The Black Hills constitute an isolated dome sur- 
rounded by the relatively flat-lying sediments of the 
Great Plains, see Fig. 3. The dome is elongated to 
the south and northwest, has steep slopes on the 
sides, is nearly fiat on top, and is subordinately 
fluted to a minor extent. It is about 125 miles long 
and 60 miles wide, its major axis extending from 
near the southwest corner of South Dakota to near 
the northeast corner of Wyoming. The central core 
of the dome is composed of pre-Cambrian igneous 
and metamorphic rocks which are exposed where 
the overlying sediments have been stripped away. 


Stratigraphy 


Sedimentary rocks from the Cambrian Deadwood 
formation through the upper Cretaceous Benton 
group are involved in the Black Hills uplift. These 
rocks represent approximately 4000 ft of sediments 
accumulated over the pre-Cambrian basement. 

Although all the commercial ore in the Black Hills 
has come from the lower Cretaceous Inyan Kara 
group, uranium mineralization has been noted in 
several other units. Uranium has been found in as- 
sociation with thorium in the basal Deadwood con- 
glomerate. Uranium, and weak to moderate radio- 
activity, has been noted in the Minnelusa black 
shales near Hot Springs, and several localities of 
anomalous radioactivity have been noted elsewhere 
in the Minnelusa and in the Sundance and Spearfish 
formations. 

The Inyan Kara group comprises, in ascending 
order, the Lakota, Fuson, and Fall River formations. 
(The Fall River of the Black Hills is approximately 
equivalent to the Dakota of nearby areas and the 
names are loosely used synonymously). A thin 
limestone unit known as the Minnewaste is locally 
present between the Lakota and Fuson formations. 

The group is characterized by alternating sand- 
stone, siltstone, and mudstone, typically lenticular in 
section. The sandstones are commonly brown, buff, 
or gray and the mudstones are characteristically 
gray. Black shales, carbonaceous trash, and arkosic 
pebble conglomerates are common. Except for color, 
the group presents an appearance similar to the Salt 
Wash of the Colorado Plateau. The Inyan Kara 
group is overlain by the upper Cretaceous black 
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shales of the Graneros formation. It is underlain 
by the Jurassic Morrison formation which is charac- 
terized in the Black Hills by greenish-gray shale 
with few limestone lenses and nodules, and less than 
5 pet sandstone. The extremely fine grain, and re- 
sulting impermeability of the Morrison, render it 
one of the less favorable formations of the area, al- 
though ore grade uraniferous dinosaur bones are 
not uncommon. 

General Structure: The Black Hills uplift is not 
the simple dome it appears to be on casual observa- 
tion. It is characterized by many minor tectonic 
structures, which give rise to the fluted character of 
the southern Hills, and by numerous laccolithic 
domes and tectonic features which create a compli- 
cated structural pattern in the northern Hills. (See 
contour map of Black Hills uplift area, Fig. 4.) 

Between Hot Springs and Edgemont, S, D., are the 
Cascade anticline and the Chilson anticline with a 
broad intervening structural terrace. West of the 
Chilson anticline is another structural terrace which 
is broken sharply by a westerly dipping monocline. 
The Hartville uplift extends northward toward the 
Hills to break the hogbacks near Newcastle, Wyo., 
with some 3000 ft of vertical displacement. The 
Moorcroft anticline, lying along the western extrem- 
ity of the Hills, bounds the large structural terrace 
east of Carlile, Wyo. The anticline plunging north- 
westward from the Bear Lodge Mountains is a broad 
prominent feature. Another strong anticline plunges 
northwestward from Sturgis, S. D., through Aladdin, 
Wyo. Several minor structures on the eastern flank 
of the Hills have, to date, received little detail 
study. Numerous prominent laccolithic-type domes, 
stocks, and plugs characterize the northern Black 


_ Hills. Of these, the Bear Lodge Mountains are the 


largest, with others, like Devils Tower and Bear 
Butte, providing outstanding landmarks. The rocks 
comprising these early Tertiary intrusions range in 
composition from monzonite to syenite. In addition 
to the prominent features there are scores of small 
domes which are probably also results of laccolithic 
type of intrusion. Some of the domes are character- 
ized by very gentle dips, others by dips in the range 
of 15° to 20°. Their sizes run the gamut from the 
Bear Lodge Mountains to structures only a few 
hundred feet across. Some are cut by many faults, 
but faults are scarce or absent on most. While many 
of the domes exposing Fall River sandstone exhibit 
anomalous radioactivity, mineable ore has been 
found on only a few to date. 


Ore Deposits 


The uranium ore in the Black Hills occurs in 
bedded deposits in sedimentary rocks. Characteris- 
tic host rocks are thin-bedded, fine-grained, moder- 
ately friable quartz sandstones containing minor 
amounts of altered feldspar, devitrified volcanic ash, 
and carbonaceous material as accessories. Permea- 
bility of the host is typically moderate. 

The ore deposits of the Black Hills are similar in 
some respects to those of the Colorado Plateau but 
differ markedly in other respects. Some of the more 
important characteristics of the Black Hills are 
shown in the box on page 44. 

U.S. Geological Survey men working in the Black 
Hills noted some time ago that principal areas of 
uranium production coincide with major struc- 
tural terraces of the Hills. Several anomalous areas 
and producing mines are located on the prominent 
terrace in the Edgemont district. The Carlile deposit 


TRANSACTIONS AIME 


as 


| N 


|o 

Sik 

na < 
Kik 
pOHULETT 


CARLILED 


PA MOORCROFT 


© 
RAPID CITY 
44° 


LOIN 


Kik Inyan Kara Group Cr 
not differentiated) -taceous) 
NEWCASTLE 
Jurassic, Triassic, and Permian 
not differentiated 


| Minnelusa ss. (Pennsylvanian) 


Pahasapa Is. 


Englewood a) (Mississippian) 


Whitewood ls. (Ordovician ) 
Deadwood fm. (Cambrian ) 


Granite 


Pre €| Pre-Cambrian (Metamorphic and a 
Igneous rocks) 


wer 


io} 8 16 MILES 
SCALE 


Generalized Geologic Map of the Black Hills Uplift Area 


Fig. 3—The Black Hills constitute an isolated dome surrounded by 
the flat-lying sediments of the Great Plains (US AEC, Hot Springs, 
S. D. April 25, 1955). 
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Characteristics of the Black Hills Uranium 
Deposits 


Size ranges from pods too small to mine to ore- 
bodies up to 50,000 tons. 


Thickness ranges from less than 1 ft to nearly 
20 ft. 


Principal ore mineral is carnotite, although much 
tuyuyamunite is probably not recognized as such. 


U:V ratio of the deposits is commonly 1:1.5, 
rarely, if ever, exceeding 1:5. 


Lime content is commonly less than 1 pct with 
rare shipments containing more than 6 pct CaCOs. 


Copper is present only in trace amounts. 
Asphaltic and limestone ores are unknown. 


Logs are virtually nonexistent and twigs are 
rare, but carbonaceous sandstones and inter- 
bedded carbonaceous shales characterize the most 
favorable lithology. 


Rolls, as known on the Plateau, are absent. The 
ore does not necessarily follow bedding, but de- 
partures are not abrupt and features like the 
crescentic rolls are unknown in the Hills. 


Alteration of sandstone provides a good guide to 
favorability for a relatively small target area. A 
characteristic purple-pink ferruginous sandstone 
has been observed as a halo around many of the 
larger deposits. 


Alteration of mudstone is not a recognized crite- 
rion. Red mudstones are rare in the Hills. 


Jointing provides an important control for de- 
position and for the localization of high grade 
portions of the deposits of the Hills. 


Channel control, as such, has not been observed 
in the Hills. Major channeling has recently been 
recognized, but possible relationship to ore de- 
position is not yet known. 


Control by tectonic structures is believed to be of 
primary importance. 


is on a broad structural terrace between the Moor- 
croft anticline and the Bear Lodge Mountains. Addi- 
tional, less obvious examples might be cited. It was 
further noted that a coincidence exists between 
many anomalies and the flattening of dip on smaller 
structures superimposed upon the broad terraces. 
Some of the best orebodies are located on the struc- 
tural flats immediately adjacent to an abrupt change 
in dip. Structural conditions are most favorable, 
therefore, on the margins of terraces, monoclines, 
anticlinal noses, and laccoliths. 

To test the theory of structural control on the 
localization of ore deposition, the Commission com- 
mitted approximately 4000 ft of diamond core drill- 
ing to an area that appeared particularly favorable. 
The project site, in East Red Canyon, lies along the 
western margin of structural terrace approximately 
four miles wide. It is immediately adjacent to a 
monoclinal fold dipping 15° to the west. One of the 
important mines of the district, the Holdup 15, lies 
about a mile to the north in the same position struc- 
turally. Surface geologic mapping indicates that a 
small nose or terrace exists on the monocline in the 
specific area considered. Drillholes were located 
along the monoclinal crest, both on the terrace side 
and on the dip side. Drilling was accomplished with 
24 holes in an area approximately 2000 by 600 ft. 
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This project resulted in the discovery of an ore- 
body of substantial size in a location where no sur- 
face exposures or anomalies exist. Subsurface maps 
indicate that, in addition to the structural favor- 
ability observed at the surface, a notable thinning of 
the ore-bearing sandstone occurs immediately up- 
dip from the orebody. 

Description of three of the larger deposits will ex- 
emplify and amplify some of the associations and 
habits of ore which have been touched upon. 

Carlile: The first important uranium discovery in 
the northern Black Hills, the Carlile deposit, stim- 
ulated much additional work by private industry 
and by the Commission. Investigation of an air- 
borne anomaly, discovered by the Homestake Min- 
ing Co., disclosed visible carnotite on the tip of a 
small promontory of upper Lakota sandstone above 
the Belle Fourche River. Exploration of the pro- 
montory by wagon drilling indicated mineable ton- 
nage of ore-grade material under relatively thin 
overburden. Additional surveys in the immediate 
vicinity disclosed a second important anomaly down 
the slope at the stratigraphic horizon of the Mor- 
rison formation. Investigation showed that the sec- 
ond anomaly represented a large landslide block, 
broken away from the promontory portion of the 
orebody and slumped down the canyon side over the 
plastic Morrison shales. The slump block was tilted 
during movement so that it dips steeply toward the 
direction from whence it came. As would be ex- 
pected in a block nearly a quarter of a mile long, the 
slump area is characterized by a series of broken 
segments and steps which complicated the mining 
problem. This block was profitably mined by the 
open pit method with a stripping ratio of approxi- 
mately 40:1. Mining of the promontory orebody was 
a simple stripping operation where only a few feet 
of cover existed on a flat-lying deposit. 

Although the Carlile area is located on a broad 
structural terrace, insufficient data are at hand to 
state whether or not minor local structure plays an 
important role in ore deposition. The ore minerals 
commonly favor the joint surfaces and ore is usually 
higher in grade where joints are closely spaced. The 
top of the mudstone unit underlying the ore is 
marked by an uneven surface of swells and swales 
in the range of 10 to 20 ft in diam and less than 1 ft 
deep. Ore was observed to be richer in swale areas. 


The ore-bearing sandstone unit, which is 15 to 20 
ft below the top of the Lakota formation, is fine to 
medium grained, locally cross-bedded or laminated, 
buff to light gray in color, poorly cemented and fri- 
able. This sandstone is composed predominantly of 
subangular to subrounded quartz grains with some 
carbon trash, which is locally present in seams or 
strata up to 4 in. thick. Accessory minerals com- 
prise moderate amounts of kaolinized feldspar, 
sparse ferromagnesian minerals, and muscovite 
flakes. Depositional environment of the ore-bearing 
sandstone was evidently that of abundantly loaded 
streams of moderate velocity whose courses were 
constantly changing, leaving interstream areas of 
quiet water deposition. Limonite staining is com- 
mon and gypsum veinlets, commonly with radiating 
selenite crystals, are observed on some joints. 

The principal ore mineral is carnotite, which is 
disseminated generally throughout the sandstone as 
a grain coating and interstitial filling. Ore minerals 
are commonly concentrated along crossbeds and in 
association with carbon flecks and galls. Other ore 
minerals identified at Carlile that are present in 
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00° 
Fig. 4—Structure contour map of Black Hills uplift area, contoured at top of Minnekahta limestone. (After Darton, USGS Folio 
No. 108. April 22, 1955). 
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small to trace amounts are rauvite, coffinite, and 
doloresite. Additionally, hewettite, in radiating 
crystals, is found locally in the slump block. Ura- 
nium to vanadium ratio is about 1:1.5. 

Recent drilling by the Commission on Thorn 
Ridge, near the Carlile mine, has disclosed that the 
ore there is associated with a flattened dip on a 
gently dipping surface. Although the evidence is 
inconclusive and drilling is still in progress, it ap- 
pears that the subsurface structure contour map at 
the ore horizon is strikingly similar to that at the 
Virginia C mine in the southern Hills. In both cases, 
the uniform gentle dip of the terrace is broken by a 
flattened area several tens of acres in extent. 

Virginia C: The Virginia C, first large producing 
orebody of the Edgemont district, was discovered by 
airborne reconnaissance. Subsequent exploration 
by wagon drilling indicated a substantial deposit 
overlain by a maximum of 40 ft of overburden. Early 
attempts to strip the deposit proved difficult and too 
costly, so underground methods were adopted. 

The Virginia C is situated on a local flattening of 
regional dip in the southwest portion of the Black 
Hills dome. Subsurface structure contours, drawn 
on the basal sandstone of the Fall River formation, 
indicate a rather uniform dip of the sediments in the 
area with the uniformity broken by a terrace-like 
flattening in the immediate vicinity of the deposit. 
The mine is on the upthrown side of a major fault 
whose trace is less than 1000 ft southwest of the 
portal, and a minor fault with parallel trend has 
been noted in the eastern portion of the open cut. 
The mine is characterized by dozens of parallel 
faults of an inch or less displacement. Many of the 
joints and fractures have been filled with selenite 
which evidently is older than the ore. 

The ore-bearing sandstone at the Virginia C lies 
approximately 25 ft above the base of the Fall River 
formation. The unit is composed of fine to very fine 
grained quartz sandstone, flat-bedded to cross- 
bedded, with local fine laminations of shaley mate- 
rial. Carbon flecks and seams are common. Cal- 
careous cement is not abundant, the ore averaging 
0.8 pet CaCOs. 

The principal ore mineral is carnotite, which ap- 
pears to have been somewhat mobile since deposi- 
tion. Rauvite and corvusite occur in appreciably 
smaller amounts. It was noted by Braddock that the 
carnotite and rauvite are associated in the lowest 
portion of the sandstone unit but that carnotite is 
seen only in the upper portion. Moreover, carnotite 
is observed to extend farther down-dip but not so 
far up-dip in relation to the corvusite-rauvite-car- 
notite portion. This mine is one of a group exhibit- 
ing relatively high vanadium content. Ore shipped 
from the Virginia C averages U:V::1:3. Many grab 
and channel samples are seriously out of equilib- 
rium, but the average of lot samples of the ore 
shipped is close to equilibrium. 

Gould Lease: The Gould Lease, in the Edgemont 
district, is situated on the structural terrace west of 
the Chilson anticline. Details of local structure are 
confused by lithologic and lithofacies problems, 
which are presently under study. 

The ore is believed to be contained in the basal 
Fall River sandstone, in a portion of a very large 
channel scoured deeply into the Fuson shale. The 
stratum overlying the orebody comprises a boulder 
conglomerate, wherein blocks up to 15 ft in diam, 
predominantly of light gray silstone, lie at all angles 
in a matrix of coarse buff-gray sandstone. The basal 
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surface of this overlying bed is very uneven as a 
result of local scouring. Mine mapping, which is 
still in progress as the mine develops, indicates 
tentatively that a relationship exists between the 
deepest scours and the best grade of ore. 

The ore-bearing stratum is composed of sub- 
rounded to subangular, coarse to very coarse 
grained, brown to red-brown quartz sandstone. 
Black or smokey quartz is abundant, and approxi- 
mately 5 pct of the rock consists of altered feldspar 
grains and devitrified ash. Carbonaceous material 
is conspicuously rare in this mine. The ore-bearing 
sandstone varies from 10 to 20 ft in thickness. 

The ore mineral is carnotite, which occurs abun- 
dantly as an interstitial filling. Limonite occurs in 
great abundance as a grain coating and interstitial 
filling. The rock is very poorly cemented and lime 
content is extremely low. 

Jointing appears to provide a major control of ore 
deposition. Two joint sets, both nearly vertical, 
diverge in strike at an angle of approximately 45°. 
Neither set maintains consistent control nor is either 
very much stronger or more consistent than the 
other. Intense mineralization follows a joint, or 
series of closely spaced joints, for a short distance 
and may then be sealed off by the intersecting set. 
Thus, the high-grade ore tends to wedge locally at 
the intersections. 

Exploratory drilling continues on the structural 
terrace around the Gould lease. Location of drill- 
holes on the basis of combined favorability of struc- 
tural flats and resistivity highs is proceeding with 
considerable success. The mineralization of barren- 
ness has been successfully predicted in all holes 
drilled to date on this project. 


Conclusions 


Success in East Red Canyon and the existence of 
ore in a structurally favorable area at the Gould 
Lease has ied the Hot Springs Sub Office to a new 
approach to exploratory drilling. Surface mapping, 
with particular emphasis on minor structures, is the 
basic tool in this program. 

This approach to the problem is really nothing 
new but rather a variation of ideas that have been 
under consideration for some time. The concept that 
lithofacies changes are important to the localization 
of uranium ore deposition has been long considered 
on the Colorado Plateau, and in many places the 
importance of this change has been demonstrated. It 
is felt that the change from a clean sandstone sec- 
tion to an impermeable mudstone section favors de- 
position, in part, by inhibiting the flow of ore-bear- 
ing solutions. Decrease in permeability is only one 
of many factors involved. If these conditions con- 
stitute favorable lithology then how can they be 
predicted? As yet prediction of lithologic favor- 
ability has not progressed to a point of workability. 
But search has yielded a feature which is available 
as a useful tool at the surface. The structures 
mapped are features which tend to inhibit circula- 
tion of subsurface waters and therefore to destroy 
the equilibrium of a chemical system. The fact that 
many of the deposits of the Black Hills are known to 
lie on structural flats increases considerably the 
probability of encountering ore if the lithology is 
also favorable. A few selected holes on a favorable 
structure, drilled through the full section of the 
generally favorable Inyan Kara, give a considerably 
increased probability of ore or mineralized ground. 
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Energy Transfer by Impact 


by R. J. Charles and P. L. de Bruyn 


fl Beate transfer of kinetic energy of translation into 
other forms of energy by impact is a fundamental 
process in most crushing and grinding operations. 
During and after the impact process the original 
source energy may be accounted for in any of the 
following possible forms: 

1) Kinetic energy of translation of both the im- 
pacted and impacting objects. 

2) Kinetic energy of vibration of the components 
of the impact system. 

3) Potential energy as strain energy of the com- 
ponents of the system or in the form of residual 
stresses. 

4) Heat generated by internal friction during 
plastic deformation or during damping of elastic 
waves. 

5) New surface energy of fractured materials. 

At any instant during the impact process only the 
strain energy of the components of the system can 
contribute directly to the brittle fracture process. If 
fracture is the desired result, as in comminution, it 
would seem advantageous to choose or arrange the 
conditions of impact so that a maximum amount of 
the original kinetic energy could be converted to 
strain energy at some moment during a single im- 
pact. The present work deals with determination of 
these desirable conditions for a simple case of impact 
and application of the principles involved to general 
cases of impact. 

Experimental Method: Longitudinal impact of a 
rod with a fixed end was chosen as the impact sys- 
tem for investigation. The rod was mounted hori- 
zontally and the fixed end was formed by butting 
one end of the rod against a rigidly mounted steel 
anvil. The rod, of pyrex glass, was 10 in. long by 1 in. 
diam with both ends rounded to a 6 in. radius. The 
rounded ends permitted reproducible impacts on the 
free end of the rod and assured a symmetrical fixed 
end. Pyrex was selected as the rod material because 
of the marked elastic properties of such glass and 
the similarity of fracture between pyrex and many 
materials encountered in crushing and grinding 
operations. The frequency of natural longitudinal 
oscillation of the rod was 10 ke, and thus simple 
electronic equipment could be used for observation 
of strain changes occurring in the rod at this fre- 
quency. 

As shown in Fig. 1, impacts on the free end of the 
rod were obtained either by a pendulum device or 
by a spring-loaded gun. Relatively heavy hammers 
(100 to 600 g) of mild steel were used in the pendu- 
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lum impacts, while fairly light projectiles (20 to 80 
g) were fired from the spring-loaded gun. 

One of the main objects of the experimental work 
was to obtain the strain-time history of the rod asa 
function of the mass and kinetic energy of the im- 
pacting hammers. For this purpose a technique in- 
volving wire resistance strain gages and a recording 
oscilloscope was employed. Five gages were applied 
at equidistant sections along the rod, and by means 
of a switching arrangement the strain-time history 
at any section, and for any impact, could be obtained 
in the form of an oscillograph with a time base. The 
equation relating strain and voltage change across a 
strain gage through which a constant current is 
flowing is as follows: 


«= Av /iRF [1] 


« = strain, Av = voltage change, 71 = gage current, 
R = gage resistance, and F = gage factor (from 
manufacturer’s data — SRA type, Baldwin Lima 
Corp.). 

With the above equation an oscillograph depicting 
voltage change vs time on a single trace can be con- 
verted directly to a strain-time diagram if a calibra- 
tion of the vertical response on the oscilloscope 
screen for specific voltage inputs is available. In the 
present case the calibration was obtained by photo- 
graphing precisely known audio frequency voltages 
on the same oscillograph as that on which a voltage- 
time trace from a strain gage had been made. Syn- 
chronization of the beginning of the single trace with 
the beginning of the impact was accomplished by 
permitting contact of the impacting objects to close 
an electrical circuit from which a voltage pulse, 
sufficient to initiate the trace, was obtained. The 
struck end of the rod was lightly silvered for pur- 
poses of electrical conduction so that it would form 
one of the electrical contacts. Markers every 100 
micro-seconds on the traces served for a time base 
calibration. 

Determinations of the kinetic energies of transla- 
tion prior to impact were made in the case of the 
pendulum hammers by measuring the height of fall 
of the hammer and in the case of the projectiles by 
measuring the exit velocity from the gun barrel by 
means of an electrical circuit employing light sources, 
slits, and phototubes.* 

During the experimental work it became evident 
that the time of contact between the impacting ob- 
ject and the rod was an important variable in the 
impact process. Measurements of the times of contact 
were made, therefore, for every impact for which a 
strain-time record was obtained. The time of contact 
was determined by permitting the impacting com- 
ponents, when in contact, to act as a closed switch 
and discharge a condenser at relatively constant 
voltage. The discharge was observed and photo- 
graphed with a time base on the oscilloscope screen. 
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Fig. 1—Experimental impact apparatus. Heavy hammers 


(100 to 600 g) of mild steel were used in pendulum impacts 
and light projectiles (20 to 80 g) fired from the spring- 
loaded gun. 


Fig. 2 illustrates a typical contact time trace and the 
electrical arrangement by which it was obtained. 


Experimental Results 

The immediate aim of the experiments was to de- 
termine the strains at various sections of the rod as 
a function of the impacting kinetic energies of the 
hammers, the Young’s Moduli of the glass, and the 
durations of impact. Data for determination of all 
the above quantities were obtained in the form of 
oscillographs. 

Interpretation of Oscillographs: The oscillographs 
from the impact tests showed voltage-time relation- 
ships which were obtained from the amplified sig- 
nals of the strain gages. With the aid of the calibra- 
tion signals included with each oscillograph and the 
strain gage equation, Eq. 1, any signal height on the 
traces could be converted to a strain value. The 
most important measurement taken from each volt- 
age-time oscillograph was the voltage value at the 
instant when the bar had absorbed the greatest 
amount of strain energy during a particular impact. 
To locate this instant the following procedure was 
adopted. 

From Hooke’s Law the strain energy at a point in 
an object under simple compression or tension is 
proportional to the square of the strain at that point. 
An analysis of plots of the square of the strain at 
various gage sections of the impacted rod as a func- 
tion of time showed that maximum strain energy 
absorption took place when the maximum elastic 
deformation developed at one section of the rod was 
greater than that developed anywhere else in the 
rod at any time during the impact process. Voltage 
measurements for the calculation of the maximum 
strain energy absorbed for a particular impact were 
made, therefore, on each set of five voltage-time 
traces at the time when maximum elastic deforma- 
tion occurred; the latter condition was indicated by 
a maximum vertical response on one of the five 
voltage-time traces. 

The experimental results showed that maximum 
strain was usually developed at either the struck 
or the fixed end of the rod but under certain con- 
ditions could occur at positions near the rod center. 

From the large number of impacts on the pyrex 
rod the oscillographs shown in Figs. 3 and 4 have 
been selected as typical examples of the voltage- 
time traces obtained. The vertical dashed line in 
each of the figures indicates the time after the be- 
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ginning of impact at which the strain values were 
measured. Traces marked X show the time of con- 
tact of the hammers and rods and traces marked Y 
are portions of the calibration signals. The solid 
vertical line near the center of the trace indicates 
the end of impact. The gage sections on the speci- 
mens, from which the signals were obtained, have 
been designated by two letters at the left of the 
figures which correspond to the gage positions as 
given in Fig. 1. All the traces show an initial period 
of loading of the rods during the impact and then a 
period after impact when the rod is left in a state of 
vibration. 
Effect of Hammer Weight on Strain 

Strain vs Time During Impact: In Fig. 3 the trace 
for Gage Section EF for the struck end of the rod 
shows two peaks during the time of impact. The 
occurrence of two peaks indicates that during the 
overall time of impact the rod received two separate 
blows, one following the other so rapidly that with- 
out sensitive methods of detection the impact would 
appear as one blow. The multiple blow effects were 
obtained when hammers weighing more than 200 g 
were used for the impacts on the pyrex rod. Fig. 4 
shows the corresponding trace obtained when the 
pyrex rod was impacted with a hammer weighing 
about 60 g. In this case the impact consists of a 
single blow of short duration which varies nearly 
sinusoidally with time for the duration of impact. 

It will be shown that the time during which the 
impacting objects remain in contact is dependent on 
the mass of the hammer in such a manner that the 
heavier the hammer the longer the contact time. 
Mason’ has shown that with contact times long com- 
pared to the period of fundamental oscillation of an 
impacted system the oscillations of the system mod- 
ify the force developed at the point of contact in 
such a manner that it may consist of a series of 
blows. In this investigation, hammer weights 200 g 
and greater gave rise to impact times longer than 
the period of fundamental oscillation of the rod, and 
the forces developed at the struck end of the rod by 
these hammers showed more than one peak value 
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Fig. 2—Oscillograph showing contact time trace and electri- 
cal circuit by which it was obtained. 
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during the time of contact. On the other hand, the 
times of contact for impact hammers weighing less 
than 100 g are shown, in the next section, to be less 
than the period of fundamental oscillation of the 
rod. In these cases the rod oscillations were not 
excited soon enough to modify the contact forces to 
any great extent and the traces for the struck end 
of the rod showed only one symmetrical peak during 
the time of contact. 

A qualitative explanation of the effect of contact 
force on the rebound of the hammers from the 
struck end of the rod for impacts of the type illus- 
trated in Fig. 3 may be given as follows: After the 
beginning of impact the contact force between the 
two objects increases to a maximum and then de- 
creases almost to zero as the hammer decelerates to 
zero velocity and loses all its kinetic energy of 
translation. The hammer remains at rest for a short 
period of time until the rod, in extension, accelerates 
it in an opposite direction and thus causes rebound. 
The force causing rebound of the hammer is illus- 
trated by the second peak on the strain-time dia- 
gram. When this force falls to zero, as given by the 
trace crossing, the abscissa of the strain-time dia- 
gram, the impact ends and the impacting objects 
separate. When a single strain peak is evident at 
the struck end of the rod during the time of contact, 
as illustrated in Fig. 4, the hammer is at rest when 
the contact force is a maximum and rebound is 
caused when this force decreases from a maximum 
to zero. Again, when the trace for the struck end 
first falls to zero the impact ends and the hammer 
continues in rebound. 

In Fig. 3 the trace for gage section AB indicates 
the strain conditions near the fixed end of the bar. 
In this trace a single strain peak occurs considerably 
after the beginning of impact. The peak height 
shows that the strain at this instant at the fixed 
end of the rod is much larger than at any other sec- 
tion of the rod during the impact. At the same 
instant the strain reaches a maximum at the fixed 
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Figs. 3 and 4—Strain time traces (left) for impacts on pyrex 
rod with 593 g hammer and (right) with 59.3 g hammer. 


end the strains at successive gage sections in the 
direction of the struck end become progressively 
smaller until at the struck end the strain is very 
nearly zero. In Fig. 4, however, maximum strain 
occurs at the struck end of the bar, and at this 
instant the strains at successive gage sections to- 
wards the fixed end decrease in intensity. 

Most of the impacts investigated showed that if 
the loading pulse consisted of two strain peaks the 
maximum strain was developed at the fixed end of 
the rod and if the loading pulse consisted of a single 
strain peak the maximum strain was developed at 
the struck end of the rod. 

Strain vs Time After Impact: An interesting 
effect can be observed in the strain-time records in 
regard to the amplitude of vibration of the rod after 
the impact has been completed. When the hammer 
rebounds after impact the rod continues to oscillate 
and, since both ends of the rod are free, the oscilla- 
tion is essentially a harmonic vibration at the fun- 
damental frequency of the rod. Under longitudinal 
harmonic oscillation all points of the rod pass 
through their equilibrium positions at the same 
instant and thus the signals from the various strain 
gages are in phase. The greatest strain is developed 
at the center of the rod and if the amplitudes of 
these strain signals (gages CD) are compared, it is 
noted that for short impact times the maximum 
amplitudes during free vibration are almost equal to 
the maximum peak amplitude during impact, Fig. 4, 
whereas for long impact times with heavy hammers, 
Fig. 3, the maximum amplitude during free vibra- 
tion is much less than that during the impact. It 
would appear that heavy hammers, in rebounding, 
extract a much greater preportion of the strain 
energy and kinetic energy of vibration from the 
rods than do the light hammers where the impact 
times are relatively short. No experimental meas- 
urements were made of rebound velocities in this 
investigation, since the conditions of the impact 
system after the completion of impact were only of 
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Fig. 5—Impact time ys hammer weight for impacts on a 
10x1-in. pyrex glass rod. 


passing interest and gave no information as to the 
conditions of impact during the impact time. 


Effect of Hammer Weight on Time of Impact: Fig. 
5 shows the experimental relationship obtained be- 
tween the measured contact times of the hammers 
and rod and the weights of the hammers used in the 
impacts. Each of the solid vertical lines in these 
figures indicates the variation of the measured 
values for the impact times of any single hammer 
weight. Since the relative variation of the meas- 
ured values of impact times increased with hammer 
weight the data are presented as varying over 
ranges rather than as single points representing 
averages of the experimental measurements. 


Some of the experimental data from which the 
above figure was prepared indicate that the kinetic 
energy of impact may be a factor in determining 
the impact time for any single impact. The rela- 
tively large errors inherent in the method of meas- 
uring linpact times, however, prevented a quantita- 
tive determination of this effect. A continuous 
curve, therefore, has been drawn through the verti- 
cal lines in the above figure. 


Determination of the Young’s Modulus of the Py- 
rex Glass: To calculate stress and strain energy 
values for the impact loaded rods several measure- 
ments were made of the Young’s Modulus of the 
pyrex glass used in the experiments. It can be 
shown, as in Eq. 2, that the longitudinal sound 
velocity in a solid is dependent only on the Young’s 
Modulus and the density of the solid. 
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Fig. 6a—Impact energy vs square of strain at various gage 
sections of the pyrex rod for impacts with 593 g hammer, 
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where c = longitudinal sound velocity, E = 
Young’s Modulus, g = acceleration of gravity, and 
p = density. 

The fundamental time of longitudinal oscillation 
of the rod therefore would be dependent on these 
two characteristics and the dimensions of the rod. 
The Young’s Modulus of the pyrex glass was ob- 
tained, therefore, from the following equation, Eq. 3: 


3 
= [3] 


E = Young’s Modulus, | = rod length, p = density, 
T = period of fundamental oscillation, and g = ac- 
celeration of gravity. 

The time of oscillation, T, was determined by ex- 
amining the free vibration portion of the strain- 
time traces obtained by impacting the rod. The time 
taken for eight complete oscillations of the rod was 
measured and an average period of 93.7 microsec- 
onds calculated. The density of the rod was 2.31 g 
per cu cm, the length 25.4 cm, and the calculated 
Young’s Modulus 6.93x10° g per cm. 


Strain as a Function of Kinetic Energy of Impact 
at Constant Hammer Weight: The impact tests with 
any specific hammer weight showed that at the in- 
stant when the rod had absorbed a maximum 
amount of strain energy the squares of the strains 
at any of the bar sections were proportional to the 
impacting energy. Fig. 6, in which the square of the 
strains at various rod sections are plotted against 
the kinetic energies of impact, shows the above 
linear relationship for impacts of hammers weighing 
593 and 59.3 g on the pyrex rod. The above graphs 
have been selected as representative of results ob- 
tained with any of the hammers or projectiles used 
in the investigation. 


Discussion of Results 


The experimental results from this investigation 
provide data for analysis of the loading forces which 
are derived from impact on a glass rod and for cal- 
culation of the maximum amounts of energy which 
are transformed from kinetic energy of impact to 
strain energy of the rod during impact. The data 
are also used to illustrate the effect of the mass of 
the impacting weight and the time of impact on the 
energy transfer process during impact. 

Determination of Transfer of Kinetic Energy of 
Impact to Strain Energy: In the impact process 
when the hammer is decelerated to zero velocity all 
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Fig. 6b—Impact energy ys square of strain at various gage 
sections of the pyrex rod for impacts with 59.3 g hammer. 
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Fig. 7a (above)—Distribution of strain energy in impacted 
pyrex rod as a function of kinetic energy of impact. Fig. 7b 
(right)—Distribution of strain energy in impacted pyrex rod 
as a function of kinetic energy of impact. 


its original energy of translation has been changed 
to other forms and the strain or potential energy of 
the hammer and rod system is at or near maximum. 
As the impact continues, the strain and vibrational 
energy of the system is partially reconverted to 
kinetic energy of translation of the hammer and re- 
bound occurs. 

The only form of energy that is directly usable in 
a comminuting or fracturing process is the strain 
energy that has been momentarily stored in the rod 
and the hammer. The experimental data of this in- 
vestigation permit calculation of the maximum 
amount of strain energy absorbed by the rod. This 
maximum strain energy can be expressed as a frac- 
tion of the total kinetic energy of impact. The cal- 
culations are carried out as follows. 

If the state of strain on a primatic bar is such that 
the strain at any cross-section is uniform but the 
strains at various cross-sections along the length of 
the bar are variable, then the total strain energy of 
the bar may be calculated as follows: 

Let w, = strain energy density (strain energy per 
unit length of rod), 1 = length of rod, and W, = 
total strain energy of the rod. Then 


W, = w. dl [4] 


The strain energy density at any section is related 
to the strain at that section by the following equa- 
tion, Eq. 5: 

w, = AE&/2 [5] 


where A = cross-sectional area of the rod, E = 
Young’s Modulus of the rod material, and « = strain. 


Therefore, 
W, = (AE/2) [6] 


When the strain conditions in the rod are brought 
about by longitudinal impact the amount of strain 
energy in the rod at any time may be expressed as 
a fraction of the kinetic energy of impact. Thus if 
the kinetic energy of impact is W,, then 


WwW 
(A 2) We) al 7 
(AE/2) f° [7] 


The results from the strain measurements, as 
illustrated by the examples given in Fig. 6, showed 
a linear relationship between the kinetic energy of 
impact and the square of the strain produced at any 
gage section if the impacts were made with a specific 
hammer weight and if the strains were measured 
when the amount of strain energy absorbed was a 
maximum, The slopes of the lines in graphs such as 
are given in Fig. 6 correspond to the respective val- 


TRANSACTIONS AIME 


30;- AB BC CD DE 
Impacting Hammer N 
Weight = 59.3 grams XS 
>< 
= 
\ 
(@) 
| Struck 
i qT End 
Fixed 
Rod 
AB BC cD DE EF 


ues of the term e*nax/W, which appears in Eq. 7. The 
slopes provide a means of calculating the maximum 
fraction (W,/W.) of impact energy transferred to 
strain energy under various impact conditions. 

For impacts with any single hammer, plots were 
made of the values of the term e'max/W. VS gage posi- 
tion on the rod and a smooth curve was drawn 
through the points. Fig. 7 illustrates two of these 
plots for impacting hammers weighing 593 and 59.3 
g respectively. The graphs thus obtained showed 
the relative distribution of strain energy in the rod 
as a function of impact energy for the instant when 
the strain energy absorbed was a maximum. For 
impacts with any single hammer a value for W,/W, 
was calculated by graphically integrating the area 
under the appropriate strain distribution curve and 
multiplying by AE/2 as indicated by Eq. 6. 


Table |. Maximum Fraction of Impact Energy Absorbed as Strain 
Energy for Impacts with Various Hammer Weights 


Strain Energy 


Hammer Weight, Grams Absorption Fraction 


593 0.299 
493 0.282 
393 0.238 
296 0.266 
199 0.328 
93.0 0.376 
78.1 0.462 
59.3 0.502 
39.5 0.449 
19.7 0.425 


Table I lists the calculated values for the maxi- 
mum amounts of impact energy transferred to strain 
energy within the pyrex rod for impacts with vari- 
ous weights of hammers. 

Conditions Influencing Impact Times: The exper- 
imental results of impacts on pyrex rods given in 
a previous section indicate that the time of impact 
is primarily dependent on the mass of the impact- 
ing hammer and perhaps slightly dependent on the 
kinetic energy of impact. The Herzian theory of 
impact of spheres,‘ which may be applied to impact 
of rods with rounded ends, shows that the time of 
impact should be influenced primarily by the radii 
of contact and the masses of the objects. It also 
shows that the time of impact should vary inversely 
as the one-tenth power of the kinetic energy of im- 
pact. Therefore, although the impact time is slight- 
ly dependent on the kinetic energy of impact, the 
effect is almost negligible and the graph in Fig. 5, 
which shows time of impact as a function of the 
mass of the impacting hammer only, may be as- 
sumed correct for the correlation of impact time and 
absorbed strain energy. 
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Correlation of Impact Time and Strain Energy 
Absorbed: Calculations from Experimental Results: 
The experimental work of this investigation of im- 
pacts on pyrex rods furnished information for cal- 
culation of maximum strain energy absorption as a 
function of the impacting hammer weight. Times 
of impact were also measured as a function of im- 
pacting hammer weight and therefore a relationship 
between the maximum strain energy absorption and 
the times of impact can easily be obtained. 

The curve marked A in Fig. 8 shows the variation 
of maximum strain energy absorption with the 
ratios of impact time to oscillation period for impact 
on the pyrex glass rod. In this figure the peak shows 
that there exists a time of impact of the rod for 
which the transfer of impact energy to strain energy 
is a maximum. The maximum amount of strain 
energy obtained within the glass rod is 0.5 times the 
kinetic energy of impact and is obtained from a 
loading pulse lasting about 75 microseconds. Exam- 
ination of the strain-time traces shows that these 
particular loading pulses consisted of single blows. 
Therefore, the main conclusion from the experimen- 
tal work of this investigation is that a maximum 
transfer of kinetic energy of impact to strain energy 
is obtained when the impact time is a fractional part 
of the period of vibration of the impacted object and 
when the loading pulse consists of a single blow. It 
may further be concluded that the time of impact 
and the character of the leading pulse are important 
factors if fracture of an object or failure of a struc- 
ture is to be predicted. 

Theoretical Calculations: Frankland’ has given a 
theoretical analysis of impact in which force pulses 
of various shapes and durations are applied to a 
simple system consisting of an undeformable mass 
separated from a rigid reference plane by a spring. 
For purposes of calculation, only the fundamental 
mode of oscillation of the spring-mass system was 
considered operative in determining displacement 
of the mass as a function of time for various applied 
pulse loadings. From Frankland’s results it is pos- 
sible to calculate the relative amount of potential 
(strain) energy stored by the spring as a function 
of time for the various types of loading pulses ap- 
plied to the mass. For any specific type of pulse and 
at some instant during the application of the pulse 
the amount of stored energy in the spring reaches a 
maximum value. For a specific vibrational system 
the relative value of the maximum stored energy is 
a function of the duration of the applied pulse. For 
the simple system of a reference plane, spring and 
mass, Fig. 9 shows the calculated relationship be- 
tween the maximum energy stored in the spring and 
the duration of an applied load. The duration of the 
applied load is expressed as a fraction of the funda- 
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Fig. 8—Strain energy absorption coefficients vs impact time: 
period of oscillation ratios for impacts on pyrex rod. 
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Fig. 9—Strain energy absorption ys impact time: period of 
oscillation ratio for impacts as simple spring-mass system. 
(After Frankland.) 


mental period of oscillation of the system and, also, 
as shown by the insert in Fig. 9, the applied load 
varies with time as the first half cycle of a sine wave. 

The calculations permit only relative values for 
the absorbed strain energy; consequently the maxi- 
mum of the curve in Fig. 9 has arbitrarily been as- 
signed a value of unity. 

It is clearly shown that maximum amount of 
strain energy absorbed by the hypothetical impact 
system is greatly dependent on the impact time and 
that there is a specific impact time for which maxi- 
mum energy is absorbed as strain energy. 

The curve in Fig. 9 has been redrawn as curve B 
in Fig. 8 and for purposes of comparison the ordi- 
nate value of unity in the theoretical curve has been 
made equal to the peak value for the fraction of im- 
pact energy observed as strain energy in the glass 
rod. For impacts on the glass rod the variation of 
the experimental strain energy absorption with the 
impact time-oscillation period ratios is very nearly 
that predicted by the theory developed by Frank- 
land. Examination of the strain-time traces for the 
pyrex rods, however, shows that only in the case of 
impact hammers weighing less than 100 g do the 
impact pulses at the struck end of the rod assume a 
sinusoidal shape. For impacts with hammers weigh- 
ing greater than 100 g a double peaked impact pulse 
was always obtained at the struck end of the rod. 
It may be observed, by examining Fig. 3, that the 
stress at the fixed end of the rod, however, varies 
nearly sinusoidally with time when double peaked 
impacting pulses are obtained at the struck end of 
the rod. Moreover, the time at which the strain 
values were determined was at the moment when 
the stress at the fixed end of the rod was at a maxi- 
mum. Thus for the purposes of analysis the rod may 
be assumed to have been struck at the fixed end 
rather than at the end where hammer contact was 
made. Under these conditions, and since the as- 
sumed impact pulse at the fixed end has a nearly 
sinusoidal shape, the basic requirements for Frank- 
land’s theory have been fulfilled and a correlation 
between the theoretical and experimental results of 
the investigation should be expected. 


Summary and Conclusions 

The transfer of kinetic energy by impact to strain 
energy is a process that plays an important role in 
the comminution of brittle solids. Considered as a 
process, separate from the fracture process, the 
mechanism of energy transfer must be more fully 
understood before a complete analysis of size reduc- 
tion can be realized. Studies of impact, which give 
information on energy transfer and stress conditions 
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arising from impact, have been made for the simple 
case of a rod fixed at one end and struck longitudin- 
ally at the other end with a moving object. 

The information which was obtained in the ex- 
perimental studies is summarized as follows: 

1) The transfer of the kinetic energy of impact 
to strain energy of the rod is greatly dependent on 
the time during which the hammer and rod remain 
in contact. The experimental values of the impact 
times for which the energy transfer is a maximum 
for the pyrex rod is 0.8 times the period of funda- 
mental oscillation of the rod and is in agreement 
with theoretical calculations. The maximum value 
of the ratio of strain energy absorbed to impact 
kinetic energy was 0.50 for the pyrex rod. 

2) The impact times, which have been shown to 
be the controlling feature in the transfer of impact 
kinetic energy to strain energy of the rods, are de- 
termined mainly by the weight of the impacting 
hammers and the physical characteristics of the 
rods. Experimental results showed that for impacts 
on glass rods the time of impact decreased with de- 
creasing hammer weight. Theoretical considerations 
indicate that the energy of impacts should have a 
small effect on the time of impact; the accuracy 
with which these measurements can be made, how- 
ever, prevent any specific conclusions as to this 
effect. 

3) Light-weight impacting hammers generated 
simple loading pulses, consisting of single blows, at 
the struck end of the pyrex rod. As the weight of 
the impacting hammer was increased the time of 
contact also increased so that the vibrational mo- 
tions of the rods increasingly affected the shape of 
the loading pulse. With a maximum impacting 
weight of about 600 g on the 25.4 cm pyrex rod, the 
loading pulse consisted of two separate blows of al- 
most equal intensity. 

4) The maximum stress could be either at the 
fixed end or the struck end of the bar depending on 
the shape of the loading pulse. In general, when 
the loading pulse consisted of two well defined 
blows the maximum stress was developed at the 
fixed end of the rod and when the loading pulse 
consisted of a single blow the maximum stress was 
developed at the struck end of the rod. 

5) The experimental results showed, qualita- 
tively, that in the rebound of light hammers from 
the rod the amount of energy left in the rod as 
vibrational energy was much greater than in the 
case of rebound of relatively heavy hammers. Ap- 
parently the longer times of impact and the greater 
forces required for acceleration of the heavier 
masses in rebound caused a very significant damp- 
ing action on the vibrations of the rods set up dur- 
ing impact. 

From the experimental results as summarized 
above a number of general conclusions may be made 
as to the application of the impact studies to com- 
minution. The most obvious conclusion is that if 
kinetic energy is to be most efficiently utilized in an 
impact process for size reduction, the time of impact 
should be as short as possible, for all practical pur- 
poses, and the intensity of impact as large as pos- 
sible. The former condition assures a substantial 
transfer of kinetic energy to strain energy and the 
latter condition assures the development of stress 
values sufficient to initiate and propagate fractures. 

Since the time of impact can be controlled only 
indirectly through adjustment of the masses and 
other physical characteristics of the impacting ob- 
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jects, short impact times can only be obtained by 
using impacting masses that are small compared to 
the impacted mass. The use of such impacting 
masses necessitates development of relatively high 
velocities of impact in order that sufficient amounts 
of energy are available for the size reduction proc- 
ess. Unfortunately, there are great mechanical dif- 
ficulties in accelerating large numbers of particles to 
high velocities and the efficiency of developing high 
velocity impacts may more than offset the expected 
gain in efficiency of the size reduction process that 
makes use of these impacts. 

From the experimental results it would appear 
that the use of small impacting masses at high 
velocities would have two other advantages in a 
size reduction process. The loading pulse would un- 
doubtedly consist of a single blow of short duration 
and therefore it is more likely that the maximum 
stress would be developed at the point of contact 
rather than at the points which support the im- 
pacted mass. Thus the energy of impact would be 
transferred to strain energy within the impacted 
mass and the major portion localized near the point 
of impact for the short period of time necessary for 
fracture. In this manner only a small amount of 
energy would be passed through the impacted ob- 
ject and absorbed by the supports. 

If the interpretation of the experimental results 
is correct in that light impacting hammers in re- 
bounding cause only slight damping of the vibra- 
tions set up during impact then the use of small 
impacting masses in comminution may have another 
advantage. Rapid, successive impacts may have a 
cumulative effect on the internal vibrations set up 
in the impacted mass. It would be very unlikely 
that the internal vibrations would be neutralized by 
impacts occurring exactly out of phase with the 
preceding vibrations; therefore the most probable 
condition with successive impacts would be that the 
internal vibrations would increase in intensity. Thus 
fracture and size reduction may be accomplished by 
a succession of rapid, light blows of which any one 
taken singly would have no lasting effect on the 
impacted object. 


Acknowledgments 


The authors wish to acknowledge the invaluable 
assistance given them by their associates at the 
Massachusetts Institute of Technology and espe- 
cially wish to thank A. M. Gaudin for his sugges- 
tions and constant interest in the investigation. This 
work was carried out under the Comminution Re- 
search Program of the Massachusetts Institute of 
Technology. Initial sponsorship of the Comminu- 
tion Research Program was received from the Engi- 
neering Foundation. The current program is spon- 
sored by the Engineering Foundation, the American 
Iron and Steel Institute, the U. S. Atomic Energy 
Commission, Aerofall Mills, Allis-Chalmers Mfg. 
Co., Bethlehem Steel Co., Kennecott Copper Corp., 
National Gypsum Co. and Union Carbide and Car- 
bon Corp. 


References 


1 Westinghouse Electronic Engineers: Industrial Electronics Refer- 

eae Book, p. 634, John Wiley & Sons, Inc., New York, 1948. 
2 Ls: Mason: ‘Impact on Beams. Journal of Applied Mechanics, 

1936, vol. 3, no. 2, p. A-55. 

8S. Timoshenko: Theory of Elasticity, McGraw-Hill Book Co., 
New York, 1951. 

4H. Herz: Ueber die Beriihrung fester elasticher Korper. Journal 
fiir die Reine und Angewandte Mathematik (Crelle’s Journal) 1881, 
vol. 92. 

5 J. M. Frankland: Effects of Impact on Simple Elastic Structure. 
Proceedings of the Society of Experimental Stress Analysis, 1948, 
vol. 6, no. 2, p. 7: 


JANUARY 1956, MINING ENGINEERING—53 


Low-Temperature Carbonization of Lignite 
And Noncoking Coals in the Entrained State 


Development work has shown that the yield of primary tar from coal is proportional 
to the heat in the volatile matter of the coal and that the yield of tar from noncoking 
coals may vary from 10 to 45 gal per ton on the ash-free and moisture-free basis. Pilot 
plant operations have proved that 100 to 135 pct of the bench-scale carbonization-assay 


yield of tar can be obtained. 


by V. F. Parry, W. S. Landers, and E. O. Wagner 


OLLOWING investigations by the Denver Bureau 

of Mines on drying fine coal in the entrained 
state,” Texas Power & Light Co. employed the 
fluidized technique to upgrade Texas lignite for use 
in power plants. Because of the rapidly rising cost of 
natural gas in Texas the company agreed to cooper- 
ate with the Bureau of Mines in studying further the 
upgrading of lignite by low-temperature carboniza- 
tion, since potential value of the tar would help off- 
set the cost of fuel. Considerable interest was 
aroused, therefore, when Aluminum Co. of America 
decided to use dried lignite in its 240,000-kw power 
plant at Rockdale, Texas, operated by Texas Power 
& Light. 

Carbonization of coal before burning in a power 
plant is not new. Plants in Germany have been op- 
erated for many years on carbonized brown coal and 
lignite briquets produced in large integrated plants. 
Large-scale experiments in carbonizing pulverized 
coal with hot flue gases were made 30 years ago at 
Milwaukee,? and many inventors have proposed 
other processes. In the U. S., technical and economic 
problems have prevented successful operation of 
large plants on carbonized coal, but new techniques 
of handling solids in fluidized beds may overcome 
these difficulties, particularly if the higher volatile 
noncoking coals are used. 

Any bituminous material will decompose when 
heated to about 900°F to yield primary tar, gas, and 
char. The quantity of tar obtained from various 
coals depends on their rank and volatile content and 
to some extent on rate and method of heating. The 
liquid products derived from thermal decomposition 
of peat, brown coal, lignites, oil shale, and non- 
coking bituminous coals can be easily liberated by 
rapidly heating these materials in a fluidized bed at 
about 500°C (932°F). Since it takes only a few 
minutes to heat small particles of fuel to carboniz- 
ing temperature in a fluidized bed, processing plants 
can be built to handle up to 50 tph at relatively low 
cost. The pioneering development work being con- 
ducted at Rockdale, Texas, by Alcoa and Texas 
Power & Light will solve many engineering prob- 
lems of such operations. 


V. F. PARRY, Member AIME, W. S. LANDERS, and E. O. WAG- 
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Discussion of this paper, TP 4177F, may be sent (2 copies) to 
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The Bureau of Mines at Denver has studied the 
carbonizing properties of several hundred coals by 
small scale assay at 500°C, deriving a simple corre- 
lation between the potential yield of tar and the 
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VOLATILE BTU MAF = BTU- FC X14,500 


Fig. 1—Potential yield of primary tar from various coals. 


proximate analysis. This correlation, shown in Fig. 1, 
compares the heat in the volatile matter of the coal 
with the potential yield of primary tar. The yield of 
primary tar varies from 12 to 50 gal per ton of pure 
coal.* About the same amount of heat is needed to 


* MAF equals moisture-and-ash-free basis. 


distil any dry coal at 500°C, and the time required 
to carbonize a given particle size is about the same 
for any coal. It is therefore obvious that coals rich 
in volatile matter will show the greatest profits 
when processed. 

Texas lignites are rich in volatile matter, which 
contributes some 5700 Btu per lb of MAF coal, and 
the potential primary tar and oil yield from this lig- 
nite averages 12 pct by weight or 27 gal per ton 
from the pure lignite. Texas lignites are consider- 
ably richer in potential tar than lignites of North 
Dakota and Montana. 

During 1950 the Bureau of Mines conducted many 
experiments on carbonizing fine dry coal in the en- 
trained state, publishing a report’ on major features 
of pilot and commercial-size units required to carry 
out the process. Additional experimental work has 
been done at Denver and the pilot plant has been 
improved, particularly the facilities for studying 
removal of fine dusts from tar vapors and gases at 
high temperatures by electrostatic precipitation. A 
number of materials have been carbonized, includ- 
ing sawdust, peat, brown coal, Brazilian oil shale, 
lignites, and the lower rank bituminous coals having 
noncoking properties. Straight coking coals cannot 
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Fig. 2—Denver pilot plant for carbonizing 


fine coal; 8-in. reactor with hot precipitator. 
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be handled without severe preliminary oxidation to 
destroy the plastic property before carbonization. 
Dilute mixtures of coking coal and recycled char 
might be successfully carbonized by this technique. 

It has been proved that results of pilot operations 
can be accurately projected to commercial-scale 
operation. By January 1953 enough information had 
been obtained from pilot-plant operations to war- 
rant design of the full-scale commercial carbonizer 
now in operation at Rockdale.” ° Specifications were 
approved in July, and the unit was constructed dur- 
ing the winter of 1953-54. The plant has been oper- 
ated intermittently since March 1954 to refine the 
unit operations and to furnish char and tar for ex- 
perimental purposes. 

Table I presents carbonization data for seven rep- 
resentative coals ranging from a lignite with as- 
received heating value of 6500 Btu per lb through a 
high-volatile B bituminous coal with as-received 
heating value of 12,980 Btu per lb. Data are listed on 
the as-mined and moisture-and-ash-free bases, the 
as-mined analysis being estimated from various data 
available in Denver. 


I5 CHAR RECEIVER - COARSE 
16 CHAR RECEIVER - FINE 

17 REACTOR SAMPLE 

18 AIR-COOLED CONDENSER 


As part of the routine investigation, carbonization 
yields of any coals tested are quickly determined in 
the precision assay unit.’ Small samples are car- 
bonized in a fixed bed, and for comparative purposes 
the test is generally made at 500°C (932°F), the 
temperature giving maximum tar yield for most of 
the low-rank coals. Results of assay tests at 500°C 
on the seven coals considered here are shown in 
Table II. A special feature of this assay is the un- 
usually good recovery of materials, ranging from 
100.0 to 100.3 pet for the coals reported. 

The pilot plant tests reported were made in the 
8-in. diam fluidized-bed unit shown in Fig. 2. Basic 
elements of this carbonization unit have been de- 
scribed previously, but several improvements in 
materials collection have since been incorporated. 
The unit consists essentially of an externally heated 
retort (4) 8 in. ID and 13 ft long, fed continuously 
with a closely controlled mixture of fine dried coal 
and air. The usual charging rate is 360 lb of dried 
coal and 1080 std cu ft of air per hr. Coal is carried 
into the retort by the transport air and out by the 
volatile carbonization products and the products of 


Table |. Index of Coals Tested in Laboratory Assay and Pilot Plant Units 


As-Mined* MAF Analysis 

Name of Coal Rank State County H20, Pct Ash, Pct BtuperLb V.M. F.C. He Cc No Btu per Lb 

i Lignite N.Dakota McLean 38.5 6.7 6500 47.4 52.6 4.7 70.8 1.2 22.6 0.7 11,870 
Garrison Dam Milam 35.6 9.3 7050 URIS} 12,790 
Pike View Subc Colorado El Paso 26.6 4.8 8490 45.8 54.2 4.9 72.5 0.9 21.2 0.5 12,380 
Elkol Subb Wyoming Lincoln 23.5 2.0 9880 43.6 56.4 5.3 75.4 0.9 all (5) 0.9 13,240 
Danao Subb Philippines 18.0 3.6 10,540 43.0 57.0 5.4 74.8 1.9 17.5 0.4 13,450 
Canon Chief Suba Colorado Fremont 11.3 12.4 10,190 426 574 52 76.9 1.2 160 0.7 13,360 
Kenilworth Hvbb Utah Carbon 4.6 6.0 12,820 47.4 52.6 5.9 79.8 1g 12.2 0.6 14,340 


* Assumed as-mined analysis based on available Denver’ records. 
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Table Il. Low-Temperature Distillation Assay Tests and Analyses 


Canon 
Name of Coal Garrison Sandow Pike View Elkol Danao Chief Kenilworth 
Rank Lignite Lignite Sube Subb Subb Suba Hvbb 
Source N. Dakota Texas Colorado Wyoming Philippines Colorado Utah 
Temperature of distillation °C 500 500 500 500 500 500 543 
Assay No. 374 413 359 377 380 370 428 
Assa ield (MAF), pct: 
eee . 68.5 65.8 69.4 71.0 72.2 74.7 67.5 
Water formed 9.8 1.8 9.6 8.1 8.6 6. 6.5 
Tar, dry 5.5 11.9 8.0 11.6 10.2 10.5 16.6 
Light oil 1.3 1.6 1.5 1.2 1.6 153 1.7 
Gas 14.5 12.1 11.5 1.3 7.2 6.8 V7 
HeS 0.5 1.1 0.2 0.7 0.2 0.1 0.3 
Total 100.1 100.3 100.2 99.9 100.0 100.3 100.3 
Composition of gas, pct:* 

2 52.4 43.2 41.7 20.8 PRE, 24.2 12.2 
Illuminants 1.0 1.4 1.2 Any, 1.3 1.9 1.8 
(ore) 12.6 12.6 15.7 18.0 jel 14.3 10.4 
He 10.3 12.6 13.5 12.9 15.9 12.6 19.4 
CH, 21.2 27.8 26.1 39.2 42.0 42.5 49.2 
CoHe 2.5 2.4 1.8 7.4 4.5 4.5 7.0 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Net gas yield (MAF) cu ft per Ib* 1.744 1.600 1.531 1.161 1.177 1.081 1.483 
Heat in gas (MAF) Btu per lb 621 699 628 17 740 692 1127 
Btu per cu ft calc., gross* 356 437 410 667 629 640 760 
Specific gravity, 60°/30 in., dry, calc. 1.084 0.985 0.980 0.820 0.790 0.826 0.668 
Proximate analysis of assay char (MAF), pct: 22.8 26.5 23.7 19.7 19.3 22.0 15.7 
Volatile matter 17.2 73.5 76.3 80.3 80.7 78. 84.3 
Fixed carbon 14,010 13,870 13,940 14,210 14,240 13,990 14,650 
Btu per lb 
Ultimate analysis of assay char (MAF), pct: 
Hydrogen 3.3 3.0 4.9 3:5 3.5 3.4 3.2 
Carbon 85.1 83.8 72.5 85.5 85.0 85.3 89.1 
Nitrogen 1.5 1.9 0.9 5 2.6 1.5 1.9 
Oxygen 9.5 8.5 21.2 8.9 8.6 9.4 5.3 
Sulfur 0.6 2.1 0.5 0.6 0.3 0.4 0.5 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 


* Gas compositions and yields are computed on hydrogen sulphide, exygen, and nitrogen free basis. 


combustion of the transport air. Offtake temperature 
is controlled by regulating either external heat or 
coal input. About 40 pct of the heat of carbonization 
is supplied by heat transfer through the retort wall, 
and the remainder comes from internal combustion 
of the transport air in the bed. There is considerable 
evidence that the oxygen in the air combines with 
hot char recirculating internally throughout the bed 
without affecting the tar yield. All the products, in- 
cluding the char, tar, water vapor, and gas, leave 
overhead and enter the collecting system. The solids- 
recovery units consist of a primary separator, a 
high-efficiency cyclone (6) and electrostatic precipi- 
tator (7), and two medium-velocity cyclones (8) 


and (9). It is necessary to maintain this portion of 
the system above 750°F to prevent condensation of 
the tar. Any such condensate would come down with 
the solids and would bind or consolidate the dusts, 
preventing their easy removal, particularly in a 
continuous operation. Solids-collection data for 
several coals, showing the relative collection at the 
various points, are given in Table III. Efficient solids 
removal is necessary, since value of the tar re- 
covered decreases with increasing solids content. 
Table IV shows the yields obtained by carbonizing 
seven coals in the pilot plant. The MAF yield of tar 
varies from 2.9 pct for lignite from the Garrison 
Dam site in North Dakota to 20.6 pct for bituminous 


Table IV. Yields of Products from Various Coals Carbonized in the 8-in. Fluidized Reactor 


Name of Coal Garrison Dam Sandow Pike View Elkol 
Rank Lignite Lignite Subec Subb 
Source North Dakota Texas Colorado Wyoming 
Carbonizing temperature, °F 900 900 900 970 
Carbonization test No. 80 84 75 89 
Moisture in coal, as-mined, pct 38.5 35.6 26.6 23.5 
Ash in coal, as-mined, pct 6.7 9.3 4.8 2.0 
Basis As-Mined MAF As-Mined MAF As-Mined MAF As-Mined MAF 
Air for transport, std. c.f. per lb 1.99 3.63 2.02 3.66 2.24 3.26 2.29 3.07 
Yields, pct:* 
Char 45.2 70.2 48.9 71.8 53.3 70.7 50.4 65.0 
Tar 1.6 2.9 6.0 10.8 4.7 6.8 ali lest 14.9 
Light oil welts 3.2 1.4 2.5 1.4 real 13 1.8 
Gas 6.4 11.6 3.4 6.2 7.3 10.7 4.5 6.0 
Water 43.3 8.8 9.2 6.6 32.8 9.1 30.4 9.2 
Hydrogen and carbon gasified 
by transport air** 1.2 2.2 2 2.2 1.4 2.0 1:3 1.8 
Unaccounted for 0.6 Bt —0.1 —0.1 —0.9 —1.4 1.0 1.3 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Yields per ton:} 
Char, lb 904 1404 978 1436 1066 1414 1008 1300 
Tar, gal 3 6 14 25 11 16 25 33 
Light oil, gal 5.4 10 4.3 7.8 4.8 7.0 Sul 4.2 
Gas, cu ft 5266 9770 4838 8780 6311 9200 6300 8460 
Water, lb 866 176 784 132 656 182 608 184 
Gas, Btu per lb of coal 416 772 325 589 528 769 727 976 


* Yields shown represent yields of products obtained from the coal only. The transport air is not included. 


** Based on assumption that 13.5 pct of the oxygen in the transport air forms H2O and 86.5 pct forms COs. 
+ Gas and water figures include products of combustion resulting from transport air. 
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Table III. Distribution of Solids Collection in Pilot Plant Unit 


Pike Canon 
Name of Coal Sandow View Danao_ Chief 


Carbonization test No. 


84 
Distribution of solids, pct of total: 
Primary separator 89.6 95.3 95.5 94.7 
Buell separator 8.2 3.7 3.5 4.0 
Hot electrostatic precipitator 1.3 0.3 0.7 0.8 
First cyclone 0.4 0.2 0.0 0.1 
Second cyclone 0.1 0.1 0.1 0.0 
Total all collectors 99.6 99.6 99.8 99.6 
Solids in tar 0.4 0.4 0.2 0.4 
__ Total 100.0 100.0 100.0 100.0 
Solids loading entering tar train 
grains per cu ft at tempera- 
ture and pressure* 
Solids in dry tar, pet 2.48 2.95 0.91 2.93 


* Expressed at temperature and pressure entering tar train. 


coal from Kenilworth mine in Utah. On the as- 
mined basis, the tar-plus-light-oil yields range from 
8.4 to 41.5 gal per ton. In each instance, heat in the 
product gas would be sufficient to carbonize the 
dried coal. 

The chemical analyses of the raw and dried coals 
and the pilot-plant chars are given in Table V, 
which demonstrates the leveling-off effect of proc- 
essing on the heating value of the solid fuel for 
boiler-plant use. For example, heating values of the 
raw fuels range from 6530 Btu per lb for Garrison 
lignite to 12,840 Btu for Kenilworth bituminous. 
With these differences individual firing schemes and 
boiler designs probably would be required to utilize 
the raw coals efficiently. Actually, an even greater 
difference exists on the net heat basis. On the other 
hand, heating values of the dried coals range from 
9810 to 13,500 Btu per lb. Chars are even closer, 
with heating values of 10,730 to 13,220 Btu per lb. 

The physical properties of the raw and processed 
coals handled in the pilot plant are shown in Table 
VI. As expected, the greatest degradation resulting 
from carbonizing occurs with the lowest rank fuels. 
Because the higher rank fuels contain less moisture, 
fewer cracks are opened as moisture is removed, and 
less degradation occurs. The low-packing densities 
for the Kenilworth char result from the incipient 
fusion and cenosphere formation the particles of this 


Table IV. Continued 


Danao Canon Chief Kenilworth 

Subb i Suba Hvbb 

Philippines Colorado Utah 

930 900 1010 

88 76 98 

18.0 11.3 4.6 

3.6 12.4 6.0 
As-Mined MAF As-Mined MAF As-Mined MAF 
2.47 3.15 2.80 3.67 2.90 3.24 
58.3 69.8 69.1 74.4 62.3 63.0 
(5 12.1 8.2 10.7 16.6 18.6 
1.6 2.0 1.4 1.8 1.8 2.0 
6.0 7.6 4.0 5.2 6.2 6.9 
24.3 8.1 16.1 6.3 10.4 6.5 
1.4 1.8 aby 2.2 1.8 2.0 
—1.1 —1.4 —0.5 —0.6 0.9 1.0 
100.0 100.0 100.0 100.0 100.0 100.0 
1166 1396 1382 1488 1246 1260 

27 24 36 

5 6.4 4 6.0 DD 6.2 
6640 8470 6890 9030 8250 9230 
486 162 322 126 208 130 
754 962 594 799 1304 1459 


See footnotes on opposite page. 
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Fig. 3—Portion of the driers and lignite-handling facilities at 
Alcoa works, Rockdale, Texas. 


Fig. 4—View of lignite-handling and processing facilities and 
power plant at Alcoa works, Rockdale, Texas. 


coal undergo during the extremely rapid heating in 
the retort. 

Analyses of the gas produced during the carbon- 
ization runs are given in Table VII. The higher rank 
coals produce higher quality gases upon carboniza- 
tion, but this is masked by the diluting effects of the 
products of combustion resulting from the air used 
to transport the coal into the retort. In each case 
resultant gases are rich enough to be burned easily 
with preheated air. 

Table VIII gives properties of the primary tars 
obtained from the seven coals. These tars generally 
show a decrease in distillate yield with increasing 
rank of coal and a decreasing tar-acid content of the 
distillate. The neutral oil portion of the distillate 
increases and the aromatic content of the neutral 
oils decreases with the increasing rank of the parent 
coal. 

Market studies and product research must be con- 
ducted to establish the value of low-temperature 
tars, since all are characterized by a high percentage 
of high-boiling fractions in the distillate, primarily 
in the tar-acid fraction. These tars are usually of 
low specific gravity (1.037 to 1.111) as compared to 
1.2 sp gr for byproduct coke-oven tar. 

It is interesting to compare, on an MAF basis, the 
yields of products obtained from the pilot plant 
with those from the small assay retort, see Table IX. 
Char is generally lower from the pilot plant because 
part of the char is consumed by combustion with 
air. The importance of distillation temperature is 
brought out by data on the Elkol and Kenilworth 
coals. In these cases the higher carbonizing tempera- 
tures reduce the char yield as compared to the yield 
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Table V. Chemical Analyses of Various Coals and Pilot Plant Chars* 
Name of Coal Garrison Dam Sandow Pike View 
Rank Lignite Lignite Subc 
Source North Dakota Texas Colorado 
Carbonization temperature, °F 900 900 900 
Carbonization test No. 80 _ 84 me) 
Condition Raw Dried** Char Raw Dried** Char Raw Dried** Char 
Proximate analysis, pct: 
He 38.5 5.7 0 35.6 By, 0 26.6 See 0 
Volatile matter 25.7 39.1 22.4 28.4 41. 29.1 32.4 41.1 25.2 
Fixed carbon 29.1 43.5 62.2 26.7 39. 51.9 36.2 48.9 65.2 
Ash 6.7 a, 15.4 9.3 118% 19.0 4.8 6.8 9.6 
Ultimate analysis, pct: 
He 6.9 4.5 2.9 7.0 5.0 Se 6.3 4.7 3.0 
38.9 58.4 69.2 40.3 59.4 63.9 49.3 65.1 74.0 
Na 0.6 1.0 1.3 0.8 Usd 1.4 0.6 0.9 1.0 
Oz 46.5 23.8 10.6 41.4 19.0 10.6 38.7 22.0 11.9 
Ss 0.4 0.6 0.6 1.2 1.8 1.9 0.3 0.5 0.5 
Ash 6.7 7 15.4 9.3 1307 19.0 4.8 6.8 9.6 
Gross heat, Btu per Ib 6530 9810 11,470 7160 10,520 10,730 8340 11,140 12,180 
Fusibility of ash:+ 
Ash-deforming temperature, °F 2130 2150 2310 
Ash-softening temperature, °F 2150 2180 2420 
Ash-fluid temperature, °F 2260 2210 2470 


* Analyses made by Coal Analysis section, U. S. Bureau of Mines, Pittsburgh, Pa. Pittsburgh moisture-free analyses corrected to Den- 


ver xylol moisture contents. 
** Analysis of dried coal calculated from Pittsburgh moisture-free analysis of raw coal corrected to Denver xylol moisture content of 


dried coal. 


+ Repeated tests show no change in ash fusibility upon drying or carbonization. 


Table VI. Physical Properties of Various Pilot Plant Samples of Raw, Dried, and Carbonized Coals 


Name of Coal Garrison Dam Sandow Pike View 
Rank Lignite Lignite Sube 
Source North Dakota Texas Colorado 
Carbonization temperature, °F 900 900 900 
Carbonization test No. 80 84 75 
Condition Raw Dried Char Raw Dried Char Raw Dried Char 
Size consist, cumulative pct retained: 
No. 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
No. 8 42.3 1.9 0.4 0.8 0.2 29.7 12.4 3.3 
No. 16 66.2 19.7 7.6 3.8 1.0 55.4 40.8 18.5 
No. 30 79.5 51.8 34.0 ploul 8.8 73.4 66.1 44.7 
No. 50 87.5 12.3 59.4 42.8 31.7 85.8 82.6 67.8 
No. 100 92.7 UE 68.6 54.6 46.8 92.3 89.2 78.9 
No. 200 97.8 90.4 81.7 81.7 71,2 97.7 96.0 87.3 
Pan 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Average size, in. 0.0822 0.0310 0.0210 0.0147 0.0105 0.0685 0.0500 0.0300 
Rosin-Rammler “n” 0.89 1.06 0.92 0.92 0.94 0.99 1.08 0.96 
Rosin-Rammler ‘'x’’, in. 0.116 0.029 0.019 0.013 0.009 0.079 0.050 0.028 
Packing density, lb per c.f.: 
Loose 41.6 43.2 36.4 46.9 43.3 47.4 45.0 39.4 
Compacted 50.3 52.1 42.6 53.8 49.6 53.5 51.7 45.8 
Table VII. Analyses of Pilot Plant Carbonization Gases Obtained from Various Coals 
Name of Coal Garrison Sandow Pike View Elkol Danao ‘Chiet Kenilworth 
Rank Lignite Lignite Sube Subb Subb Sub 
Source N. Dakota Texas Colorado W i ilippi re Ny 
Carbonization temperature, °F 900 900 900 "970 
Carbonization test No. 80 84 75 89 88 76 98 
Air per lb (MAF) coal, std. c.f. 3.63 3.66 3.26 3.07 3.15 3.67 3.24 
Volume, pct: 
i 0 0 0 0 0 0 
COs 26.6 20.0 22.9 ° 
Gr 0 0 0 0 0 ‘0 0 
2.5 3.7 5.5 10.1 6.1 5.5 6.2 
Ho 2.9 2.8 3.5 6.6 5.0 rae 8.6 
CHy 43 4.0 8.2 10.8 8.6 7.8 9.7 
CoH 3.8 2.0 119 1.8 3.6 1.9 6.7 
No 58.6 65.8 S72 57.3 58.7 65.1 55.4 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Specific gravity 1.084 1.053 1.042 0.940 0.991 1.015 0.926 
Gross heat, Btu per c.f. 158 134 167 231 227 175 337 
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Table V. (Cont.) Chemical Analyses of Various Coals and Pilot Plant Chars* 


Danao Canon Chief Kenilworth 
Subb Subb 
uba Hvbb 
Brains Philippine Islands Colorado Utah 
89 930 900 1010 
Raw mea 88 76 98 
ried Char Raw Dried** Char Raw Dried** Char Raw Dried** Char 
22.2 3.3 0 18.0 3.8 0 11.3 4.0 
0 3.8 1.0 0 
ae ne 19.2 33.8 39.6 20.4 33.5 35.1 20.9 42.4 44.8 16.6 
ae an 75.7 44.6 52.4 73.8 42.8 47.2 60.3 47.3 48.5 71.0 
3.6 Die 5.8 12.4 13.7 18.8 6.5 12.4 
6.5 5.2 2.9 6.2 5.3 3.2 5.2 4.6 2.8 6.2 5.5 2.7 
ee 70.4 80.0 59.9 68.8 79.1 60.0 63.3 67.1 71.5 73.1 715.3 
1.4 1.6 2.4 1.0 1.0 12 1.3 1.4 1.6 
ae 19.5 9.8 28.4 19.7 9.1 21.0 16.8 9.6 14.0 11.8 7.5 
2: 0.8 0.8 0.3 0.3 0.4 0.4 0.6 0.5 0.5 0.5 0.5 
3 3.0 ol 3.6 4.2 5.8 12.4 13.7 18.8 6.5 diol 12.4 
10,000 12,440 13,220 10,480 12,370 13,210 10,370 11,000 11,080 12,840 13,070 12,290 
2840 2060 2330 2000 
2910+ 2080 2400 2100 
2100 2560 2360 


See footnotes on opposite page. 


Table VI. (Cont.) Physical Properties of Various Pilot Plant Samples of Raw, Dried, and Carbonized Coals 


Elkol Danao Canon Chief Kenilworth 
Subb Subb Suba Hvbb 
Wyoming Philippines Colorado Utah 
970 930 900 1010 
89 88 76 98 
Raw Dried Char Raw Dried Char Raw Dried Char Raw Dried Char 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
38.6 16.3 14.1 29.4 22.0 10.8 28.5 27.3 16.2 0.6 0.8 4.0 
67.1 40.7 39.2 59.5 50.9 36.3 55.3 53.4 40.1 24.1 21.8 31.9 
83.1 62.8 61.6 77.8 71.5 57.5 73.8 71.9 57.7 47.6 45.0 54.8 
91.7 79.1 76.7 88.4 84.5 73.4 85.5 84.0 69.4 64.3 62.0 68.4 
96.1 90.0 86.0 94.3 92.6 83.6 91.0 86.9 73.3 76.7 80.4 80.6 
98.3 95.5 91. 97.7 96.9 89.9 96. 95.8 86. 85.7 96.0 88.3 
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
0.0810 0.0520 0.0490 0.0708 0.0612 0.0445 0.0675 0.0656 0.0485 0.0300 0.0290 0.0370 
1.15 1.04 0.91 1.09 1.07 0.90 0.96 0.98 0.69 0.83 0.94 0.92 
0.096 0.049 0.047 0.081 0.066 0.043 0.065 0.077 0.046 0.031 0.025 0.032 
44.7 42.6 23.7 45.1 44.8 35.0 51.9 52.1 38.2 52.0 51.3 21.2 
§1.7 49.8 27.0 53.6 51.6 40.8 61.0 59.8 43.6 61.4 59.3 24.5 
STACK 
280°F FURNAGE FUEL 
RAW COAL FROM REACTOR 
CRUSHER GOMBUSTION AIR 
| DUST SEPARATORS RECUPERATOR | 
TO PRECIPITATOR AND 
PROCESS AIR TAR-HANOLING SYSTEM. 
RAW COAL 
STORAGE BIN ORIER 
FURNACE 
4 


N 


RAW COAL / 


CONVEYOR 
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\ PRIMARY AIR 


ORIED COAL TO 
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Fig. 5—Parry process for drying and carbonizing coal, U. S. Bureau of Mines, Denver. 
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Table VIII. Properties of Dry Primary Tar Obtained by Carbonization of Various Coals in Pilot Plant 


Name of Coal Garrison Sandow Pike View 
Carbonization test No. 80 84* 75 
Carbonization temperature, °F 900 900 900 
Specific gravity of crude tar, 20°/20° 1.070 L037 1.037 
Benzene insoluble matter, pct 4.85 ZL 3.50 
Ash content of crude tar, pct 0.55 0.25 0.65 
Moisture in crude tar, pct? 25.8 5.2 8.8 
Distillation pressure, mm Hg abs 620 620 620 
Primary distillation yields, weight, pct 

Distillate 48.4 60.5 45.8 

Pitch 49.5 87-5) 

Loss 2.1 2.0 2.5 

Temperature of decomposition, °C ; 312 322 304 

Specific gravity of distillate 0.986 0.964 0.948 

Yield of distillate, volume-pct 49.1 62.8 50.1 
Analysis of distillate (Hempel) : Weight, Pct , Sp. Gr Weight, Pct Sp. Gr Weight, Pct Sp. Gr. 

To 170°C , Dall 0.837 Ou) 0.810 4.5 0.822 

170° to 200°C 3.4 0.940 I 0.895 9.0 0.920 

200° to 210°C SYI5) 0.976 4.4 0.920 5.9 0.933 

15.4 0.982 12.4 0.938 0.938 

CRIN? PAO AC} 0.990 17.0 0.964 22.0 0.942 

270°-decomposition 48.2 1.005 52.4 0.974 40.0 0.954 

Residue 5.9 4.2 

Loss 0.8 1,1 0.4 

Temperature distillate decomposition, °C 344 356 352 
Composition of distillate, volume-pct: 

Acids 48.7 30.5 31.3 

Bases 1.3 23 4.5 

Neutral oil 50.0 67.2 64.2 
Composition of neutral oil, volume-pct: 

Olefins 34. 39. 38.4 

Aromatics 40.9 35.6 36.7 

Paraffins 24.5 24.7 24.9 
Pitch residue: 

Melting point, cube-in-air, °C 125 191 142 

Specific gravity, 25°/25° ; 1.160 1.172 1.136 


* Tar data from test 81 (900°F). 
** Blend of similar tests (89 and 90). 
7 As-received tar before dehydration-distillation. 


from the assay. The yield of tar compares well, ex- 
cept for Elkol coal, where the pilot plant yield is 130 
pet of assay yield. Yield of tar from pilot-plant oper- 
ations is usually about that of the assay, but certain 
coals have shown yields considerably higher than 
assay, and it is believed that rate of distillation and, 
to some extent, temperature are responsible for the 
difference. 

In designing the Alcoa plant at Rockdale, it was 
found necessary to establish the optimum operating 
temperature for Sandow lignite. This is defined as 
the temperature at which maximum tar yield is 
obtained, since it is assumed in considering this type 
of processing that the tar will have a higher value 
than the potential heat in the coal required to pro- 
duce the tar. A series of four runs was made to 
establish the optimum operating temperature. Tables 
X through XIV present data for these runs, which 


were made at 900°, 950°, 1000°, 1100°F. Maximum 
yield of tar was obtained at 950° to 1000°F; how- 
ever, since enough gas is produced at 950° to oper- 
ate the carbonizer, it was tentatively decided that 
this temperature would be the most economical for 
plant operation. Temperatures slightly lower than 
950°F may prove most economical when carbonizer 
capacity is the chief consideration. Distillate yield of 
the tars generally decreases with increasing tem- 
perature of carbonization, but within this range of 
temperature the gross chemical composition of the 
distillate does not appear to be much affected by the 
original temperature of carbonization. 


Drying and Carbonizing Lignite at Rockdale, Texas 


A general description has been published® * of the 
plant and the lignite-processing facilities at Rock- 
dale, with drawings showing the major features of 


Table IX. Comparison of Yields of Products Obtained by Carbonization of Various Coals 
in the Pilot Plant and Precision Assay 


Name of Coal Garrison Dam Sandow Pike View Elkol Danao Canon Chief Kenilworth 
Rank ' Lignite Lignite Sube Subb Subb Suba Hvbb 
Source North Dakota Texas Colorado Wyoming Philippines Colorado Utah 
: ; : Pilot Plant Pilot Pilot Pilot Pilot Pilot 
Carbonization unit Plant Assay Pilot Assay Plant Assay Plant Assay Plant Assay Plant Assay Plant Assay 
Carbonizing or assay test No. 80 374 84 413 75 359 89 377 88 380 76 370 98 428 
Carbonization or assay temperature, °F 900 932 900 932 900 932 970 932 930 932 900 932 1010 1010 
Yields, MAF pct: 
ar 70.2 68.5 71.8 70.7 69.4 65.0 71.0 69.8 22 74.4 74.7 63.0 
Tar plus light oil 6.1 68 133. 135° 89° pe 
Water 8.8 9.8 6.6 9.1 9.6 9.2 8.1 8.1 8.6 6.3 6.9 6.5 6.5 
Gas, Btu per lb MAF coal 772 621 589 699 769 628 976 774 962 740 798 692 1459 1127 
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Table VIII. (Cont.) Properties of Dry Primary Tar Obtained by Carbonization of Various Coals in Pilot Plant 


E 
Ikol Danao Canon Chief Kenilworth 
88 76 98 
930 900 1010 
1.079 1.054 
get 0.97 3.14 2.78 
we 0.05 0.49 0.40 
6.2 6.0 1.5 
620 620 620 620 
54.1 44.8 
: 43.5 9. 
0.6 1.9 1.4 
305 304 310 
0.984 0.988 0.932 one 
55.0 48.9 46.7 
Weight, Pct Sp. Gr. Weight, Pct Sp. Gr. Weight, Pct Sp. Gr Weight, Pct Sp. Gr. 
5.4 0.822 2.8 0.803 5.9 
0.807 4.8 0.806 
Be eee 5.8 0.940 10.3 0.900 6.4 0.880 
941 5.1 0.958 6.5 0.925 0.923 
ae 0.968 12.1 0.970 14.7 0.932 Hele? 0.947 
oe 0.995 25.2 0.996 21.3 0.941 19.4 0.959 
; 1.005 36.4 1.002 36.8 0.944 47.9 0.984 
9.7 10.8 3.8 6.8 
1.5 1.8 0.7 0.8 
330 325 340 372 
46.6 47.9 33.8 30.4 
4.0 3.3 2.0 3.4 
49.4 48.8 64.2 66.2 
6 39.1 2.3 37. 
27.8 28.6 31.8 34.9 
6 32.3 5.9 27.4 
192 155 182 202 
1.221 1.174 1.240 


See footnotes on opposite page. 


design of the drying and carbonizing units. Lignite 
is mined about four miles from the boiler plant, 
crushed in the field to —6 in., and carried on a belt 
conveyor to the power plant area. Here it passes 
through hammer mills for reduction to —%4 in. and 
then moves on belt conveyors to large concrete 
storage silos serving the drying units. Nine drying 


shows four drying units and part of the lignite- 
handling and storage facilities. 

Fig. 4 is a picture of the power plant and lignite- 
processing facilities taken during the winter of 1953. 
Crushing and storage facilities are on the left and 
driers in the center. The steelwork for parts of the 
prototype carbonizer is shown between the drying 


units serve the three steam-generating units. Fig. 3 units and the steam generators. A schematic design 


Table X. Effect of Temperature on Yields from Sandow, Texas, Lignite Carbonized in the 
8-In. Fluidized Reactor 


Carbonization temperature, °F 900 950 1000 : 1100 
Carbonization test No. 84 92 82 83 
Moisture in coal, as-mined, pct 35.6 35.6 35.6 35.6 
Ash in coal, as-mined, pct 9.3 9.3 9.3 9.3 
Basis As-Mined MAF As-Mined MAF As-Mined MAF As-Mined MAF 
Air for transport, std. c.f. per lb 2.02 3.66 2.00 3.63 2.07 3.76 1.99 3.62 
Yields, pct* 
Char 48.9 71.8 46.4 67.4 44.9 64.6 42.7 60.6 
Tar 6.0 10.8 6.6 11.9 6.5 11.8 5.6 10.1 
Light oil 1.4 25 1.4 2.6 4.0 
Gas 3.4 6.2 4.7 8.5 5.4 9.8 8.6 15.6 
Water 39.2 6.6 39.6 7.2 40.2 8.4 40.3 8.6 
Hydrogen and carbon gasified by 
transport air** 1.2 2.2 12 2.2 5 Oe 2.2 1.2 2.2 
Unaccounted for —0.1 —0.1 0.1 0.2 0.1 0.1 —0.6 —1.1 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Yields per tony 
Char. Ib 978 1436 928 1348 898 1292 854 1212 
Tar, gal a 14 25 15 27 15 oT 12 22 
Light oil, gal 4.3 7.8 4.6 8.3 5.4 9.8 6 12.0 
Gas, cu ft 4838 8780 5201 9440 5499 9980 6551 11,890 
Water, lb 784 132 792 144 804 168 806 172 
325 589 463 840 555 1007 920 1670 


Gas, Btu per lb of coal 


* Yields shown represent yields of products obtained from the coal only. The transport air is not included. 
** Based on assumption that 13.5 pct of the oxygen in the transport. air forms HeO and 86.5 pet forms COs, 


+ Gas and water figures include products of combustion resulting from transport air. 
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Table XI. Chemical Analyses of Sandow, Texas, Lignite and Chars, Produced at 
Various Temperatures in Pilot Plant 


Carbonizing temperature, °F 
Carbonization test No. All All 
Condition Dried 


Proximate analysis, pct: ** 


He 35.6 5.3 
Volatile matter 28.4 41.8 
Fixed carbon 26.7 39.2 
Ash 9.3 13.7 
ltimate analysis, pct: 

He 7.0 5.0 
40.3 59.4 
Ne 0.8 
Os 41.4 19.0 
Ss 1.2 1.8 
Ash 9.3 

Gross heat, Btu per lb 7156 10,520 

Fusibility of ash: 

Ash-deforming temperature, °F 2150 
Ash-softening temperature, °F 2180 
Ash-fluid temperature, °F 2210 


900 950 1000 1100 
84 92 82 83 
Char Char Char Char 
0 0 0 0 
29.1 25.4 25.2 22.0 
51.9 54.0 54.8 56.9 
19.0 20.6 20.0 21.1 
3.2 3.0 2.8 2:5 
63.9 63.3 65.4 65.6 
1.4 1.4 1.4 1.4 
10.6 9.9 8.7 7.7 
1.9 1.8 1.7 17, 
19.0 20.6 20.0 
10,730 10,640 10,740 10,860 


* Analyses made by Coal Analysis Section, U. S. Bureau of Mines, Pittsburgh. 


xylol moisture contents. 


Pittsburgh moisture-free analyses corrected to Denver 


** Analysis of dried coal calculated from Pittsburgh moisture-free analysis of raw coal corrected to Denver xylol moisture content of 


dried coal. 


Table XII. Physical Properties of Sandow, Texas, Dried Lignite and Chars, Produced at 
Various Temperatures in Pilot Plant 


Carbonizing temperature, °F 900 950 1000 1100 
Carbonization test No. 84 92 82 83 
Condition Dried Char Dried Char Dried Char Dried Char 
Size consist, cumulative pct retained: 
No. 4 0 0 0 0 0 0 0 0 
No. 8 0.8 0.2 0.6 0 0.4 0.1 0.8 0.2 
No. 16 3.8 1.0 3.9 0.2 3.6 5 4.1 0.8 
No. 30 pow" 8.8 19.3 8.0 18.7 9.7 19.0 7.8 
No. 50 42.8 31.7 45.6 33.3 46.1 33.0 45.3 28.9 
No. 100 54.6 46.8 68.0 59.0 Boal 39.7 60.6 40.7 
No. 200 81.7 71.2 81.5 76.3 81.0 hikers} 81.4 69.7 
Pan 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Average size, in. 0.015 0.010 0.016 0.011 0.015 0.010 0.016 0.010 
Rosin-Rammler ‘‘n”’ 0.92 0.94 1.00 ae: 1.00 0.94 0.98 0.94 
Rosin-Rammler “x”, in. 0.013 0.009 0.013 0.010 0.013 0.010 0.013 0.008 
Packing density, lb per c.f.: 
Loose 46.9 43.3 47.9 42.5 46.9 41.8 46.9 40.1 
Compacted 53.8 49.6 54.9 49.2 54.2 47.2 54.6 45.9 


of an integrated drier and carbonizer simulating the 
installation at Rockdale is shown in Fig. 5, which 
indicates the relative size of the units. Cyclone sepa- 
rators are not enclosed in the primary separator at 
the Rockdale plant. 

Crushed lignite is moved from the storage bin by 
a mechanical conveyor which feeds a variable-speed 
screw leading to the drier column. Hot gas from 
combustion of fine dried-lignite dust collected in the 
final cyclones at the end of the drying unit enters 
the drying column at 1600° to 1800°F. The raw lig- 


Table XIII. Analyses of Gases Produced by Carbonization of Sandow, 
Texas, Lignite at Various Temperatures in Pilot Plant 


Carbonization test No. 84 92 82 83 

Carbonizing temperature, °F 900 950 1000 1100 

Air per lb (MAF) coal, std. c.f. 3.66 3.63 3.76 3.62 
Volume, pct: 

H2S Trace 0.2 Trace 0.1 

COz 20.0 20.9 20.8 21.1 

Illuminants nari 2.6 2.7 4.3 

2 0.0 0.0 0.0 0.0 

CO 3.8 4.1 4.6 

He 2.8 3.8 3.2 10.0 

CH, 4.0 6.6 9.6 

C2He 2.0 15 2.6 2.3 

Ne 65.8 60.6 59.5 48.0 

Total 100.0 100.0 100.0 100.0 

Specific gravity 1.053 1.038 1.042 0.976 

Gross heat, Btu per c.f. 134 177 202 281 
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nite is entrained in this gas and heated to drying 
temperature, and flow of materials is regulated to 
maintain temperatures of 300° to 350°F at the out- 
let of the drier column. Under these conditions, raw 
lignite containing about 36 pct moisture is thermally 
dried to a moisture content of 3 to 5 pct. The dried 
product is separated from the gases and moisture 
vapor in a primary separator, and fine dust is selec- 
tively separated from the gas stream to furnish the 
fuel necessary for operating the drier. Five to seven 
pet of the dried lignite is required to heat the drier. 

The dried product is. moved from the primary 
separator to the boiler plant or to the carbonizer by 
pneumatic transport. Air is used as the conveying 
medium. When the dried lignite is carbonized, pre- 
heated air from a recuperator on the carbonizer 
picks up the lignite and transports it to the reactor. 
The quantity of air used ranges from 3 to 4 cu ft 
per lb of dry lignite, and the combustion of this air 
with the lignite char in the reactor furnishes about 
70 pet of the heat required for carbonization. The 
balance of the heat is transferred through the walls 
of the externally heated reactor. The carbonizer is 
heated by combustion of process gas admitted at 
several ports in the lower half of the furnace. A 
mixture of air with products of combustion drawn 
from the stack is preheated in the combustion air 
recuperator and passes through several internal 
flues to the burner ports. The recirculated combus- 
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Table XIV. Properties of Dry Primary Tar Obtained by Carbonization of Sandow, Texas, Lignite 
at Various Temperatures in Pilot Plant 


Carbonization test No. g4* 
Carbonization temperature, °F 900 
Specific gravity of crude tar, 20°/20° 
Ash content of crude tar, pct 0.25 me aes 
Moisture in crude tar** 5.2 
Distillation pressure, mm Hg abs 620 620 620 620 
Primary distillation yields, weight-pct 
a 60.5 59.8 47.0 47.7 
eee 37.5 38.5 52.0 51.3 
2.0 7. 1.0 1.0 
Temperature of decomposition, °C 5 
Specific gravity of distillate 0.964 0 36e 0 366 979 
Yield of distillate, volume-pct 62.8 64.6 48.7 oe 
Analysis of distillate (Hempel) : Weight, Pct Sp.Gr. Weight,Pct Sp.Gr. Weight,Pct Sp.Gr. Weight, Pct Sp. Gr. 
To 170°C ans 0.810 4.5 0.819 
1 5. 0.824 6.7 0.830 
0.895 6.1 0.910 0.912 9.9 0.915 
4.4 0.920 0.924 5.6 0.932 7.9 0.938 
Saas 12.4 0.938 11.9 0.944 14.4 0.948 13.4 0.957 
270°C tod iti 17.0 0.964 18.4 0.965 22.1 0.962 22.4 0.986 
*C to decomposition 52.4 0.974 47.8 0.971 40.4 0.980 33.9 1.011 
Residue 4.2 5.0 3.9 5.2 
Loss L2 0.8 0.6 
Temperature distillate, decomposi- 
tion, °C 356 351 340 324 
Composition of distillate, volume-pct: 
Acids 30.5 37.8 33.2 37.4 
Bases 2.3 2.2 2.0 2.2 
Neutral oil 67.2 65.0 64.8 60.4 
Composition of neutral oil, volume-pct: 
Olefins 39. 38. 2 0 
Aromatics 35.6 36.8 40.4 8.4 
Paraffins 24.7 24.6 6.4 3 
Pitch residue: 
Melting point, cube-in-air, °C 191 196 195 209 
Specific gravity, 25°/25° 1.172 1.185 1.184 1.217 


* Tar data from test 81 (900°F). 
** As-received tar before dehydration-distillation. 


tion products prevent excessive furnace tempera- 
tures when the process gas is burned with minimum 
excess air, and variation of recirculated gas permits 
regulation of the flame over a substantial part of the 
furnace without local overheating. This system per- 
mits uniform heating of the reactor and high rates 
of heat transfer from flame to reactor wall by direct 
radiation from the burning gas. 

The dried lignite is carried through the reactor by 
the gases formed by combustion of the air and by 
the gases and vapors formed by carbonization of the 
lignite. Flow of lignite is controlled to maintain a 
heat balance when the temperature of the mixture 
leaving the reactor is about 500°C (932°F), the 
optimum temperature required to produce maxi- 
mum yield of tar. Most of the char resulting from 
carbonization is separated from the gases and vapors 
in the primary separators and cyclones. A small per- 
centage of ultrafine dust passes on with the gases 
through an electrostatic precipitator and additional 
cyclones that remove a large part of the entrained 
material. The cleaned gases and vapors then pass 
into the tar-condensing train. 

The tar-condensing train is a flexible unit de- 
signed for studying various schemes for condensing 
and handling the liquid and gaseous products. 
Various fractions of tar condensate can be handled, 
or the total crude product can be combined and 
pumped to storage or to tank cars. 

The final char collected in the precipitator and 
final cyclones is moved to the primary separator, and 
the total product char is transported pneumatically 
with inert gas to the fuel-storage silo at the boiler 
plant. The inert gas used for this operation is taken 
from the stack of the carbonizer. At the boiler plant 
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char is separated from inert gas by passage through 
a cyclone and is deposited in a large bin. Fuel lines 
lead from this bin to the burners. The steam genera- 
tors are Combustion Engineering tangentially fired 
slagging-type units with a nominal rating of 640,000 
lb of steam per hr. 

Drier Operation to October 1954: The first group 
of three driers was placed in operation in December 
1953, when the No. 1 boiler was completed, and by 
April 1954 all driers were operating. These units 
continue to furnish fuel as needed. As the load on 
the generating unit varies, two driers operating up 
to 100 pct of rated capacity are necessary. It is evi- 
dent that the driers must have considerable flexibil- 
ity to meet possible fluctuations in load. 

To adjust the quantity of fuel being dried, accord- 
ing to plant demand, the temperature of the gases 
entering the drying column is regulated while con- 
stant velocity is maintained. This is accomplished by 
adjusting the amount of fuel burned and by chang- 
ing the rate of recirculating gases. After one or two 
hand adjustments to increase or decrease load, the 
operation is regulated automatically by fuel con- 
trol governed by the temperature of gases leaving 
the drying column. Only a few minutes are needed 
to change the basic load on a drier. 

It has not been possible to make heat and material 
balances on any of the driers because the dried 
product cannot be weighed and the raw coal is 
measured by displacement of a screw feeder. The 
fuel burned in the furnace cannot be measured 
directly and must be estimated by measurement of 
the air and analysis of the furnace gases. A series 
of indirect measurements have proved that drier 
operation closely approximates theoretical design. 


JANUARY 1956, MINING ENGINEERING—63 


7 


Fig. 6—Capacity of entrained 
state drier for coals of vari- 
ous moisture contents. Heat 
release rate in drier furnace 
is 46 M* net Btu per hr. Fur- 
nace gases enter drying col- 
umn at 1700°F. 
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Theoretical capacity of an entrained-state drier 
connected to a drier furnace of 46 million Btu is 
shown in Fig. 6, which illustrates how drier capac- 
ity changes when coals of different moisture content 
are handled. Operation of large driers at West 
Canadian Collieries in Blairmore, Canada, has 
proved that they follow the theoretical curve in Fig. 
6. Capacity of the smaller driers at Denver shows 
the same relation to moisture content of coal, and 
operating experience at Rockdale indicates that 
capacity fits this theoretical curve. By regulation of 
temperature and rate of recycle gas, output of the 
drier can be reduced to about half the maximum 
capacity. This permits considerable flexibility. 

Thermal efficiency of driers of this type will range 
from about 87 to 92 pct, depending upon the amount 
of insulation in the plant. Thermal efficiency of the 
small driers at Denver ranges from 87.7 to 93.2 pct, 
excluding radiation.* Various tests have shown that 
thermal efficiency of the Texas driers, which are 
well insulated, is 90 to 92 pct. Thermal efficiency in 
this instance is defined as ratio of net heat required 
to evaporate moisture from coal at 300°F plus sens- 
ible heat in the dried coal at about 240°F to the net 
heat released in the furnace. 

Carbonizer Operation to October 1954: The proto- 
type carbonizer connected to one drier approxi- 
mately as shown in Fig. 5 was built to test the inte- 
grated process. The operation is continuous; lignite 
moves through the plant in 10 to 15 min, demanding 
coordination and control of many operations. Engi- 
neering of the process was projected from experi- 
ence with the small pilot plants, and the com- 
mercial-size unit was expanded by a factor of about 
50 to 150. Many new techniques in handling fine 
coal and dusts must be designed and their perform- 
ance checked by field operations before detailed de- 
signs are made for additional carbonizers to serve 
the complete plant. 
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The unit has operated intermittently, and initial 
tests indicate carbonization of 56.2 lb of dried lignite 
per cu ft-hr, the capacity for which the reactor was 
designed. From pilot-plant experience, net tar pro- 
duction was expected to be about 14 gal per ton of 
raw lignite, and this yield is indicated at the plant 
by measurements of the tar compared with the cal- 
culated lignite charged. 

To test certain unit operations it has been neces- 
sary to operate the plant for short periods. Because 
the Denver pilot-plant operations were not large 
enough, problems posed in handling char and fine 


‘dust at 900°F must be solved in the field. Various 


mechanical and pneumatic methods of moving hot 
dusts have been investigated. 

The prototype carbonizer will be operated inter- 
mittently for several months to test improvements in 
the several unit operations and to produce crude 
tar for market evaluation. Sustained operation for 
several weeks will be necessary to obtain data for 
reasonably accurate heat and material balances. 

Experience has shown that yield and properties of 
products from the large prototype unit are similar 
to those from the small pilot plant. Analysis of the 
char is virtually the same, but its size differs from 
that of pilot-plant char because of degradation re- 
sulting from pneumatic transportation. It has not 
been feasible to collect large, truly representative 
samples of total crude tar produced during a given 
test because the tar fractions are handled through 
various and changing circuits and some fractions are 
separated for special study. The properties of total 
crude tar are not reported because of the experi- 
mental nature of the early tests, but spot checks on 
samples simulating the total crude indicate that the 
tar is virtually the same as that produced in the 
small pilot operations. Data on such tars produced at 
Denver are reported in the section dealing with 
pilot investigations. 
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Adsorption of Ethyl Xanthate on Pyrite 


The adsorption density of ethyl xanthate on pyrite was determined as a function of 
xanthate concentration. Surface preparation of the mineral appears to have some effect 
on the subsequent adsorption process. A monolayer of xanthate on the surface is exceeded 
only in presence of oxygen. The effect of OH, HS (and S>) and CN’ ions on the amount 
of xanthate adsorbed was investigated. Competition between OH~ and X~ (xanthate) ions 
for specific adsorption sites is indicated over a wide pH range. 


by A. M. Gaudin, P. L. de Bruyn, and Olav Mellgren 


Ft the flotation of sulfide ores, xanthates are most 
_ commonly used to prepare the surface of the 
mineral to be floated so that attachment to air takes 
place. The quantity of agent required to make the 
mineral hydrophobic is usually very small, of the 
order of 0.1 to 0.25 lb per ton of mineral. Details of 
the mechanism of pyrite collection are for the most 
part unsettled. 
; Adsorption of collector has long been believed to 
involve an ion exchange mechanism as demonstrated 
for galena’ and for chalcocite.? In the work on chal- 
cocite it was also demonstrated that a film of xan- 
thate radicals unleachable in solvents that dissolve 
alkali xanthates, copper xanthate, or dixanthogen 
was formed at the surface of the mineral. The un- 
leachable product increased with increasing addition 
of xanthate up to a maximum corresponding to an 
oriented monolayer of xanthate radicals. Pyrite is 
extremely floatable with xanthate if its surface is 
fresh,’ but the floatability decreases rapidly as oxide 
coatings increase in abundance. Pyrite shows zero 
contact angle when in contact with ethyl xanthate 
solution at pH higher than about 10.5;* at neutrality, 
a contact angle of 60° is obtained at a reagent con- 
centration of 25 mg per liter. Alkali sulfides and 
cyanides are pyrite depressants. 

In this study of pyrite collection the writers have 
sought to relate measured xanthate adsorption to 
the method used in preparing pyrite, to the presence 
or absence of oxygen, to concentration of hydroxyl, 
hydrosulfide, sulfide, and cyanide ions. The prin- 
cipal experimental tool has been radioanalysis,” ° 
using xanthate marked with sulfur 35. 


Experimental Materials 


Pyrite: Unlike most sulfides, pyrite is a poly- 
sulfide. The structure given by Bragg’ resembles 
that of sodium chloride, the iron atoms correspond- 
ing to the position of sodium and pairs of sulfur 
atoms corresponding to the position of chlorine. The 
edge of the unit cell in pyrite is 5.40 A and in halite 

'5.63 A. The S-S distance in pyrite is 2.10 A; the 
Fe-S distance, 3.50 A; and the Fe-Fe distance, 3.82 A. 
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tial fulfillment of the requirements for the degree of Doctor of 
Science at Massachusetts Institute of Technology, 1954. 
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Pyrite 2 and 3 4 


& 10 
Concentration of Xanthate (moles/liter) 


Fig. 1—Adsorption density of ethyl xanthate on pyrite as a 
function of the concentration of K ethyl xanthate. 


Natural pyrite from Park City, Utah, was used in 
this investigation. Pyrite 1 was obtained by hand 
picking pure crystals. Pyrite 2 and Pyrite 3 were 
obtained from finer textured crystalline material 
containing inclusions of silicates. The same clean- 
ing technique was utilized for the preparation of 
Pyrite 2 and Pyrite 3, whereas a different cleaning 
technique was used for Pyrite 1. 


Pyrite 1 was prepared as follows: The crystals 
were ground in a porcelain ball mill and the 200/400 
mesh fraction was separated by wet screening with 
distilled water, followed by washing for 1 hr with 
deoxygenated distilled water acidified with sulfuric 
acid to pH 1.5. The acid was removed by rinsing 
with deoxygenated distilled water on a filter until 
a pH of 6.0 was reached in the effluent. This filtra- 
tion was carried out under nitrogen. The sample 
was then dried in a desiccator under nitrogen. The 
period of time for which this pyrite sample was in 
contact with water containing oxygen was about 4 
hr. The specific surface as determined by the BET 
gas adsorption method was 582 cm’* per g. Final 
material assayed 53.12 pct sulfur and 46.5 pct iron 
(theoretical, for FeS.: S, 53.45 pct; Fe, 46.55 pct). 

After crushing, Pyrite 2 and Pyrite 3 were washed 
with 1 M HCl, rinsed, and fed to a laboratory shak- 
ing table to remove the small amount of silicates. 
The concentrate obtained was ground in a labora- 
tory steel ball mill. The 200/400 mesh fraction was 
separated by classification in a Richards hindered 
settling tube. This fraction was then given a final 
wash with 0.1 M HCl and deoxygenated water was 
filtered through the sample. The final effluent showed 
a conductivity equivalent to that of a solution hav- 
ing a salt concentration of 0.3 ppm. Aqueous hy- 
drogen sulfide solution was then added to the sample 
(about 100 ml saturated H.S solution to about 1000 
g pyrite under a few hundred milliliters of water) 
which was stored wet under nitrogen. The sample 
stored in this manner showed no indication of forma- 
tion of iron oxides, whereas iron oxides appeared 
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(moles/liter) 


8 A = 6.24 x 107° 
[ B= 6.24 x 10> 
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Adsorption Density of Xanthate (moles/cm?) 


Fig. 2—Effect of pH on the adsorption density of ethyl 
xanthate at constant concentration of xanthate in solution. 


on a similar sample stored ii the absence of hy- 
drogen sulfide. 

The specific surface of Pyrite 2 was 345 cm’ per g; 
it contained 53.09 pct sulfur and 46.57 pct iron. 
Pyrite 3 is a finer material prepared in exactly the 
same way. Its specific surface was 535 cm” per g 
and it contained 53.01 pct sulfur and 46.45 pct iron. 

Since hydrochloric acid was used in the cleaning 
step of Pyrite 2 and Pyrite 3, a brief study was made 
using radiochlorine (as chloride) to find out whether 
adsorbed chloride was readily desorbed. Experi- 
ments showed that chloride was not retained at all 
by well washed pyrite. 

Potassium Ethyl Xanthate: The xanthate used in 
this work, containing some molecules marked with 
S35, was purified in the usual way. In addition, the 
following steps were taken to prevent rapid decom- 
position: The xanthate precipitated with ether from 
acetone solution was allowed to settle and the super- 
natant liquid was decanted. The precipitate was 
then collected on a porcelain filter and washed with 
ether, care being taken to keep it covered with ether 
at all times. The precipitate, suspended in the resid- 
ual ether, was then poured into the stock bottle and 
centrifuged. The excess ether was decanted and the 
bottle placed in a desiccator, where the product was 
dried and stored under vacuum at about 0°C. To 
prevent condensation of water vapor, the desiccator 
was never opened before it had reached room tem- 
perature. Although it appeared unchanged, the xan- 
thate used in this research was repurified at least 
every two months. 

All other reagents were of reagent grade. Details 
of the preparation of the hydrogen sulfide solution 
are given in a thesis by Mellgren.’ 

Adsorption Measurements: Two experimental 
methods have been used by earlier investigators for 
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pH = 7.5 + O.1 


ps 


Fig. 3—Effect of pHS or pS on the adsorption density of 
ethyl xanthate at constant pH and constant xanthate con- 
centration in solution. 


determining quantitatively the adsorption- density 
of collector on mineral surfaces, namely, the agita- 
tion method and the column method.” The column 
method was chosen to minimize analytical work. 

Adsorption apparatus used in this investigation 
was similar to that used by previous investigators.” ™ 
The pyrite sample (5 to 10 g) was placed in a 
Buechner funnel of small diameter. This was con- 
nected through a pyrex ball and socket joint to the 
separatory funnel, which contained the feed solution 
under a nitrogen atmosphere. The effluent solution 
passed through a tygon tube into a filter flask. A 
series of these adsorption units were connected in 
parallel to a pyrex glass manifold through which 
purified nitrogen passed under a slight positive pres- 
sure. The nitrogen was purified by flowing tank 
nitrogen through a Vicor tube containing copper 
gauze at 500°C. The exit gas after passing through 
a liquid air trap then bubbled through two wash 
bottles filled with pyrogallic acid solutions (1 liter 
each). After passing through another trap the gas 
was scrubbed in a wash bottle filled with deoxygen- 
ated water and then flowed through a third trap to 
the manifold. All glass connections were made with 
tygon tubing. The test solutions were transferred 
from volumetric flasks to the separatory funnels 
under nitrogen. 

The method of radioanalysis involves the oxida- 
tion of xanthate sulfur to sulfate with alkaline 
bromine solution and the subsequent precipitation 
of the sulfate as barium sulfate.” 

To establish that complete oxidation of xanthate 
on pyrite was obtained by the analytical procedure 
adopted, the following tests were conducted. A de- 
oxygenated xanthate solution (450 ml) containing 
5 mg xanthate per liter was passed through 5 g of 
pyrite at about pH 8; the radioactivities of the in- 


TRANSACTIONS AIME 


4 © 2 
| 
A 
e B | 
| 
| 
| | 


fluent, effluent, and mineral were measured and an 
activity balance was struck. The experiment, re- 
peated four times, showed in each case that the 
spread between the activity on the pyrite as calcu- 
lated by difference from the radioanalysis of the 
influent and effluent solutions and the activity 
measured experimentally was less than 2 pet. This 
shows that the xanthate on the pyrite can be re- 
moved quantitatively from the mineral by the 
bromine-oxidation step of the analytical procedure. 
It shows also the reproducibility of the analysis. 
Because xanthate decomposed at low pH," the 
influence of this decomposition on the radioassay 
was studied. Two xanthate solutions were prepared. 
Solution 1 was made from water saturated with 
oxygen at room temperature and was stored in a 
closed container. Initial xanthate concentration of 
this essentially neutral solution was 5 mg per liter. 
The solution was radioassayed on preparation and 
also after standing for 28 hr. Solution 2 was pre- 
pared from deoxygenated water and contained 100 
mg per liter of xanthate. Aliquot samples of this 
solution were acidified with different amounts of 
hydrochloric acid. Solution 2 was radioassayed on 
preparation; the different aliquots were radioassayed 
after 5 hr of standing and the pH values deter- 
mined at the end of this period. As may be seen 
from Table I, the loss of activity increases with 
decreasing pH and is large even in dilute acid solu- 
tions. Since any decomposition product remaining 
in solution would be detected, radioactive sulfur 
must have been lost to the gaseous phase as a 
sulfur-bearing gas. Table I also shows that at 
neutral pH values at least, oxygen does not appear 
to be involved in this decomposition reaction. 


Results 


Influence of Oxygen: Early adsorption experi- 
ments were made with Pyrite 1 and aqueous solu- 
tions of xanthate which were not deoxygenated. 
Enormous acquisition of radioactivity by the pyrite 
was observed. In two tests, 1.5 lters of solution 
containing respectively 4.23x10%* and 4.37 x 10° 
mols per liter at neutral pH were used and the 
adsorption densities were 3.21 x 10° and 1.68 x 10° 
mols per cm’*. The amount of xanthate abstracted is 
much greater than that calculated for a monolayer 
(6.8 x 10°° mols per cm’) on the basis of a cross- 
sectional area of 25 A° per xanthate radical.* 


* This value is midway between a value of 27 A2 suggested by 
Gaudin and Preller!® and a value of 23 A2 used by Gaudin and 
Schuhmann.? 


The influent and effluent solutions in these two 
tests were examined in an intense beam of light. 
A Tyndall cone was observed in the effluent solution, 
suggesting the presence of minute oily droplets. No 
evidence of turbidity was noted in the influent solu- 
tions. Experiments conducted under the same con- 
ditions but without pyrite in the Buechner funnel 
showed no cloudiness in the effluent. These observa- 
tions suggest that pyrite might play a part in mak- 
ing possible the oxidation of xanthate by dissolved 
oxygen and that some sulfur-bearing reaction prod- 
uct adheres to the pyrite while the rest is flushed 
away in the effluent. No further study was made of 
this observation, but it deserves more attention. 

With the same pyrite provided the xanthate was 
dissolved in deoxygenated water; the radio-sulfur 
activity acquired by the pyrite corresponded to less 
than a monolayer of xanthate. Taken collectively, 
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Fig. 4—Adsorption density of xanthate as a function of K 
ethyl xanthate concentration at constant pH and pHS. 


these experiments strongly suggest that dissolved 
oxygen plays a major part in this flotation system. 

Equilibrium and Reversibility: Several early ex- 
periments were made to find the least volume of a 
xanthate solution that had to be passed through the 
mineral bed to approach an equilibrium xanthate 
coating. These tests suggested that passage of solu- 
tion in the amount of 2 liters per experiment would 
be adequate to approach equilibrium from below, 
and this volume was usually employed in the work. 

The equilibrium adsorption for a given concen- 
tration of agent in solution may be ascertained more 
satisfactorily by approaching it from above in addi- 
tion to approaching it from below. Several series of 
tests were conducted’ to make sure that the measure- 
ments represent equilibrium conditions. These tests 
were made both at different pH values and in the 
presence of added alkali sulfide. Some of the tests, 
especially on Pyrite 1, indicated fair agreement be- 
tween the expected activity and the realized activity 
on the samples subjected to desorption. Other tests, 
however, especially on Pyrite 3 in the presence of 


Table |. Decomposition of Acidified Xanthate Solutions 


Time of 

Description Analysis, Hr pH Activity, Cpm 
Solution 1 0 1958 
5 mg xanthate 0 1951 
per liter; 28 6.2 1663 
oxygen not removed 28 6.2 1678 
from water 
Solution 2 0 6.8 2609 
100 mg per 5 6.0 2542 
liter xanthate; 5 3.79 60 
oxygen removed 5 2.63 25 
from water 5 2.00 nil 

5 1.20 nil 


sulfide ion, did not show satisfactory agreement. 
Complete reversibility of xanthate adsorption, there- 
fore, has not been proven in all cases. 

Adsorption Density as a Function of Xanthate 
Concentration: Measurements were made with po- 
tassium ethyl xanthate and the three samples of 
pyrite. Experimental results are presented in Fig. 1. 
It is seen that the data for Pyrite 1 fall on one curve 
and those for Pyrite 2 and Pyrite 3 on another. 

No attempt was made to control the temperature 
during the adsorption measurements. Fortuitous 
variations in temperature from 20° to 27°C do not 
appear to have a systematic effect on the data. The 
solutions used in these experiments were not buf- 
fered: the measured pH varied from 6 to 7 with the 
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Xanthate Adsorption Density (moles/cm?) 


©6.24 x 107° moles/liter 
© 6.24 x 10°° moles/liter 
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Fig. 5—Xanthate adsorption density as a function of the 
ratio of xanthate to hydroxyl ion concentration. 


highest values recorded at the highest xanthate con- 
centrations. These small variations in pH did not 
cause any systematic variation in the results. The 
ionic strength of the solution was not kept constant 
but was mainly determined by the concentration of 
xanthate used. 

Fig. 1 shows that experimental points for Pyrite 1 
follow a straight line with a slope of one quarter in 
the 300-fold concentration range, which is 3x 10° 
to 9x10° mols per liter. One adsorption value, 
1.5 x 10° mols per cm’, at a concentration of 3 x 10° 
mols per liter, is not included in Fig. 1. If this point 
is taken into account, the straight line appears to 
extend over a 300-fold concentration range. 

For concentrations larger than about 1.2 x 10° 
mols per liter the adsorption density appears to be 
independent of xanthate concentration at about 6.8 
x 10° mols per em’. 

The adsorption curve for Pyrites 2 and 3 is dis- 
placed in the direction of lower adsorption values 
with respect to the curve for Pyrite 1. The experi- 
mental results on Pyrites 2 and 3 are spread around 
a straight line with a slope of about one fifth, and 
within the concentration range covered, no complete 
independence of surface concentration on solution 
concentration is indicated. 

The reason the two curves are displaced may be 
found in the preparation of the pyrite samples: 
Pyrite 2 (although exposed to oxygen for a longer 
period of time than Pyrite 1) was stored in hydrogen 
sulfide solution, a depressor for sulfide minerals, 
whereas Pyrite 1 was not exposed to hydrogen sul- 
fide and was stored dry. Possibly some of the sul- 
fide ion remained on the mineral during exposure of 
Pyrites 2 and 3 to the xanthate solutions so that 
curves for those mineral samples represent adsorp- 
tion measurements for xanthate ion in the presence 
of a small but undetermined concentration of sul- 
fide ion. 

If it is assumed that each xanthate group covers 
an area of 25 A’, which is intermediate between 
previously made assumptions of 23 A’ and 27 A?,?* 
a monolayer would require 6.8 x 10°° mols per cm? 
of xanthate. This saturation value happens to agree 
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quite closely with the maximal value for adsorption 
on Pyrite 1. Contact angle studies of ethyl xanthate 
on pyrite by Wark‘ show that a maximum contact 
angle is reached at a concentration of about 25 mg 
of xanthate per liter. This concentration is in good 
agreement with the concentration at which the max- 
imum adsorption density appears on the adsorption- 
concentration curve for Pyrite 1. 

The curve for Pyrite 1 represents a surface cover- 
age ranging from 40 pct at 3 x 10° mols per liter 
(0.5 mg/1) to 100 pet for concentrations above 1.2 
x 10* mols per liter (20 mg/1). A surface coverage 
ranging from 22 to 47 pct is shown by the curve for 
Pyrites 2 and 3 over the same concentration range. 

Effect of pH on the Adsorption Density: The 
change in the adsorption density of xanthate on 
Pyrite 1 with pH for three different collector con- 
centrations (A:1, B:10, and C:100 mg/1) is shown 
in Fig. 2. The pH was controlled with potassium 
hydroxide, and since no buffer solutions were used, 
the experimental values in the range pH 6 to 9 are 
not accurately determined. In these tests the tem- 
perature varied between 20° and 25°C. Fig. 2 shows 
that changes in adsorption density with pH for pH 
values between 6 and 8 are small and that the ad- 
sorption density decreases with increasing pH from 
about pH 8 to 13. The logarithm of the adsorption 
density appears to be linearly related to pH for pH 
values larger than 9, the slope of this line being 
about 0.2. 

Fig. 2 also shows that for constant adsorption den- 
sity of xanthate a tenfold increase in hydroxyl ion 
concentration requires also a tenfold increase in the 
collector concentration. 

The surface coverage decreases from about 50 to 4 
pet upon increasing pH from 6 to 13 at constant 
xanthate concentration of 6.24 x 10° mols per liter 
(1 mg/1). The corresponding changes in surface 
coverage at a constant xanthate concentration of 
6.24 x 10° and 6.24 x 10% mols per liter ( 10 and 
100 mg/1) are 80 to 6 pct and 100 to 12 pet. 

Effect of Hydrosulfide and Sulfide Ion on the Ad- 
sorption of Xanthate: Measurements were made of 
the adsorption of xanthate on Pyrite 2 in the pres- 
ence of various concentrations of hydrosulfide ion. 
The xanthate concentrations were 1, 10, and 100 mg 
per liter, so that three sets of data are available. 


Table Il. Effect of Cyanide on the Adsorption Density of Xanthate 
on Pyrite 3 at a Constant Xanthate Concentration of 6.24x10> 


Adsorption 
Density, 

pCN pH pOH Mols per Cm2 
18 9.95 4.05 0.19 x 10-10 
3.91 { 9.52 4.48 0.35 x 10-10 
3.89 9.60 4.40 { 0.25 x 10-10 
5.47 8.60 5.40 0.74 x 10-10 
7.4 6.6 1,84 x 10-10 
7.6 6.4 1.74 x 10-10 
8.85 5.15 1.58 x 10-10 
11.65 2:35 0.42 x 10-10 


* Duplicate tests. 


Measurements were made at 24.5+1.5°C and at 
pH 7.5 + 0.1. The [HS’] and [S*] were calculated 
from the pH and from the concentration of total 
sulfide sulfur (as H.S, HS, and S*) as determined 
ae using the two dissociation constants of 
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Fig. 3 shows the results obtained. The results are 
expressed in terms of pHS as abscissae. The symbol 
PHS is defined in the same way as pH. In fact, since 
the data were obtained at the constant pH = 7.5 the 
ratio [HS"]:[S*] is constant, and the abscissae may 
be changed to pS by a mere translation of scales 
(bottom scale of abscissae, Fig. 3). 

Fig. 3 shows that the adsorption density of 
xanthate on pyrite decreases with increasing con- 
centration of sulfide or hydrosulfide ions. In the 
upper range of HS and S concentrations covered 
in this investigation, the logarithm of xanthate ad- 
sorption is linearly related to pHS and pS within 
experimental error. The three straight lines have 
the same slope of about one third. It is interesting 
to note that this straight line relation prevails be- 
low pHS values of respectively 4.5, 3.5, and 2.5 for 
constant xanthate concentrations of 6.24 x 10°, 6.24 
x 10°, and 6.24 x 10* mols per liter. 

Above the limiting pHS value of 2.5 for curve C 
the effect of [HS™] on xanthate adsorption becomes 
much less marked. The curve flattens out and is 
seen to approach a maximum adsorption value 
equivalent to the adsorption density obtained on 
Pyrite 2 when no sulfide or hydrosulfide is deliber- 
ately added to the solution (Fig. 1, lower curve). 
This limiting value is plotted on the ordinate axis in 
Fig. 3; similar values are likewise plotted for the 
other two xanthate concentrations. All three curves 
in Fig. 3 should lie below the respective limiting 
values suggested by Fig. 1, since the pH of the sys- 
tems represented in Fig. 3 is approximately one unit 
higher than the pH at which the curves in Fig. 1 
were determined. This is borne out by the data. 

In Fig. 4 is presented an adsorption curve for 
xanthate on Pyrite 2 at a constant pH of 7.5 and a 
constant pHS of 2.45. Three of the points on this 
line were obtained by interpolation from the data 
in Fig. 3 and the other two by direct experimenta- 
tion. The slope of the straight line drawn through 
the points is about one half. Fig. 4 is of importance 
because the adsorption results were obtained under 
conditions where a positive control was exerted on 
the concentration of those ionic components (OH, 
X- and S* or HS’) which are known to play a major 
role in pyrite flotation systems. 

Effect of Cyanide on the Adsorption Density of 
Xanthate: A few tests were conducted to evaluate 
the magnitude of the effect of cyanide on the ad- 
sorption of xanthate on Pyrite 3. The xanthate solu- 
tion concentration was kept constant at 6.24 x 10° 
mols per liter (10 mg per liter). In Table II the 
adsorption density at each free cyanide ion concen- 
tration expressed as pCN is given. 

Since pH was not kept constant in these tests, the 
pH of each solution is also given. The free cyanide 
ion concentration was calculated from a knowledge 
of the total amount of cyanide added, the pH, and 
the dissociation constant for HCN (7.2 x 10), a 
negligibly small concentration of iron in solution 
being assumed. In addition to results obtained in the 
presence of cyanide a few scattered results on the 
effect of pOH on xanthate adsorption on Pyrite 3 in 
the absence of cyanide are included in Table II. 

Table II shows that with increasing cyanide ion 
concentration there is a steady decrease in the ad- 
sorption density of xanthate. Even though it is not 
possible to separate completely the effect of cyanide 
from that of pOH, the data in Table II show that in 
the presence of cyanide the adsorption of xanthate 
is more limited than in its absence. 
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Summary of Adsorption Measurements: If oxida- 
tion is prevented during exposure of pyrite to 
aqueous xanthate, the mineral abstracts xanthate up 
to formation of a monolayer. The adsorption den- 
sity is greatly reduced by hydroxyl, hydrosulfide 
(and/or sulfide) and cyanide ion. The adsorption- 
depressing properties of hydroxyl, hydrosulfide, and 
cyanide ions are similar, although cyanide seems 
most effective and hydrosulfide weakest. 

If oxygen is present during exposure of pyrite to 
xanthate, abstraction of xanthate sulfur is much in- 
creased, even to greatly exceeding a monolayer. 

Experimental difficulties have been so great that 
complete proof of reversibility of xanthate adsorp- 
tion in all cases is still lacking. 


Discussion 


Competition Between Xanthate and Hydroxy] Ion: 
The data on xanthate adsorption in the presence of 
various concentrations of hydroxyl and hydrosulfide 
ions shed some light on the adsorption mechanism. 

Thus Fig. 2 suggests that increased xanthate con- 
centration is more or less equivalent to increased 
hydroxyl concentration. This is made clearer by 
Fig. 5 in which xanthate adsorption is plotted 
against the ratio of xanthate ion to hydroxyl ion 
(both scales being logarithmic). Fig. 5 shows that at 
low ar ratios, Ix- depends on that ratio and 
not the particular xanthate ion concentration used. 


—— ratios. In other 
[OH] 


This is not true at high 


[OH] 
ions are competitive, but this is not true when the 

ratio is large. 

Similar ideas might be entertained regarding the 
competitiveness of hydrosulfide and xanthate ions. 
[HS] 
as abscissae does not bring all the points on a single 
line. To some extent this effect may be the result 
of hydroxyl ion, which is always present. The 
authors feel that the matter is best left unsettled in 
view of the inadequacy of experimental knowledge. 

Returning to Fig. 5, it is noteworthy that the slope 


words, at low ratio, xanthate and hydroxyl 


However, charting the data of Fig. 3 with 


of the line relating log Ix- to log Ton) 
about 0.2. If the assumption is made that there is a 
stoichiometric ion exchange between OH and X at 
the surface of pyrite at constant exchange capacity, 
and if the further assumption is made that the ac- 
tivities of the reacting ionic species at the surface 
and in the solution are equal to the respective con- 
centrations, the conclusion emerges” that 

[Ons 
where Ip is the number of sites available for ex- 
change. If I.- is small compared to (T.- + Tou), the 
xanthate adsorption should be proportional to the 
ratio of xanthate to hydroxy] ion concentrations. This 
is manifestly not the case, since I,.- varies as the 0.2 


power of instead of as the first power. Ac- 


[OH] 
cordingly, either the assumption regarding the 
values of the activity coefficients is not reasonable 
(particularly in regard to the activity coefficients 
in the adsorbed state), or else the competitive ex- 
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change mechanism is not so simple as assumed here. 

The conclusion that the xanthate adsorption de- 
pends on the ratio of xanthate concentration to that 
of hydroxyl ion concentration (Fig. 5) is in line 
with the data of Wark and Cox™ and with the in- 
terpretation by Barsky” of the significance of critical 
pH curves. 
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Geophysical Investigations in the Central Portion 
Of Michigan’s Upper Peninsula 


by Gordon E. Frantti 


NDER the auspices of the Geophysical Com- 
mittee of Michigan College of Mining and 
Technology, an investigation was made in Michi- 
gan’s Upper Peninsula to obtain geophysical data* 


* Calculations and profiles referred to, but cinitted in this paper, 
are on file in a Master of Science thesis! at Michigan College of 
Mining and Technology. 


related to the regional subsurface geology in the 
area covered by Paleozoic sediments. The area sur- 
veyed includes that portion of the Upper Peninsula 
which lies between R18W to R26W and T41N and 
T49N, covering approximately 1300 square miles. On 
the index map, Fig. 1, it is represented by the cross- 
hatched zone west of Munising. Four of the five sites 
of detailed investigation are indicated by the letters 

A detailed gravity and magnetic survey had pre- 
viously been conducted by J. G. Wilson* near Per- 
kins, 8 miles north of Rapid River, on a local anoma- 
lous area. Results of his work, which showed a large 
positive magnetic anomaly associated with a gravity 
anomaly, aroused interest in the possible economic 
significance of the formations underlying the Paleo- 
zoic sediments in this part of the Upper Peninsula. 

Early in the 1900’s the Michigan Geological Sur- 
vey, as well as many private companies, had done a 
considerable amount of dip needle work near the 
southwest corner of the area discussed in this paper. 


G. E. FRANTTI, formerly an Engineer with Copper Range Co., 
Michigan, is now a Geologist with Cleyeland-Cliffs Iron Co. 

Discussion of this paper, TP 4163L, may be sent (2 copies) to 
AIME before Mar. 31, 1956. Manuscript, April 22, 1955. Chicago 
Meeting, February 1955. 
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Most of the information available to the writer was 
obtained from indicated magnetic anomalies on the 
geological map of the northern peninsula of Michi- 
gan. Results of the geophysical activities of mining 
companies in the vicinity of the Marquette range and 
Gwinn district were unavailable to the author. 
Physiography and Geography: The region under 
consideration has low to moderate relief. About half 
the area is comprised of swampy lowlands, and be- 
cause of the swamps and forests much of the land is 
almost inaccessible. The major drainage system is 
dendritic, with streams flowing into Lake Michigan 
on the south and Lake Superior on the north. The 
general geology, shown in Fig. 2, indicates an over- 
lay of Paleozoic sediments on pre-Cambrian forma- 
tions along a line running approximately south from 
Marquette (not shown on the geological map). 
Actual contact between pre-Cambrian and Paleozoic 
sediments is not known because most of the area is 
covered with glacial till, and outcrops are very 
scarce. Exposures of the Paleozoic sediments show 
that these beds in the northern areas dip gently un- 
der Lake Superior and that in the southern areas 
they dip gently to the southeast. Outcroppings of 
the pre-Cambrian formations occur primarily to the 
west of the surveyed area except in the northwest 
corner where the Laurentian series outcrop as far 
east as the Gwinn district and also in T46N, R24W. 
Instrumentation: Gravity measurements were 
made with the Worden portable gravity meter. Since 
this was chiefly a reconnaissance regional survey, 
both the large and small dials were used. The in- 
strument used had a constant of 0.0035 milligals per 
scale division, a working range of about 25 milligals. 
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Fig. 1—Index map of the 
Upper Peninsula of Michi- 
gan. The area surveyed 
covers approximately 1300 
square miles. 


ScALe - mies 


Base checks using the large and small dials in con- 
junction indicated that probable precision of meas- 
urement was of the order of +0.05 milligals for the 
regional survey. Bouguer gravity values are rela- 
tive to the gravity pendulum station at Iron River, 
Mich. All necessary corrections were made to ob- 
tain the Bouguer gravity, except that no terrain 
correction was applied. Gravity stations were occu- 
pied at about 1-mile intervals along roads that form 
the traverse lines. 

Magnetic measurements were made with a 
Schmidt Askania temperature-compensated vertical 
magnetometer having a scale constant of 24.8 gam- 
mas per division. When necessary, the range of this 
instrument was extended by means of three cali- 
brated auxiliary magnets. All magnetic readings are 
relative to the magnetic base station of the Cleve- 
land-Cliffs Iron Co. A value of 56,000 gammas was 
used for this station, which is two miles northwest 
of Ishpeming. 

Elevation Control: Elevations for gravity stations 
located along highways were obtained from the 
Michigan State Highway surveys. Additional eleva- 
tions were obtained by use of an American-Paulin 
altimeter in conjunction with a precision recording 
base microbarograph which monitored fluctuations 
in air pressure. By previous investigation the prob- 
able error of elevations obtained in this manner was 
found to be +5 ft as long as the altimeter was used 
within 20 miles of the microbarograph. This error 
in elevation was considered within the required pre- 
cision for the regional gravity survey. 


Interpretation of Results 

Regional Anomalies: As indicated in the Bouguer 
gravity map, Fig. 3, there is one major regional 
gravity anomaly extending from the northwest por- 
tion of the area southeastward to the east central 
portion of the map. This positive gravity high has a 
magnitude of the order of 20 milligals. The author’s 
investigations’ indicated that this gravity anomaly 
extends southeastward into the vicinity of St. Ignace. 
Similarly there is a slight magnetic high apparent on 
the isomagnetic map which extends eastward from 
the northwest corner of the region, continuing to 
the vicinity of St. Ignace. The features of profiles 
drawn across these anomalies plus the coincidence 
with a large Laurentian granite outcrop in T46N, 
R24W indicate that this anomaly is the result of a 
structural feature which is probably the dividing 
line between the Lake Superior and Lake Michigan 
basins. 

South of this regional gravity high, which is near 
the Alger-Delta county line, are a number of smaller 
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anomalies within the very large negative gravity 
anomaly which extends southward into Lake Michi- 
gan. This area also shows a considerable amount of 
magnetic disturbance, as is indicated on the isomag- 
netic map, Fig. 4. The following section discusses 
briefly the anomalies in these smaller areas. 

Local Anomalous Areas: The area outlined on the 
index map contains four local anomalies indicated 
by the letters A, B, C, and D. These anomalies do 
not include the very large magnetic anomaly located 
eight miles north of Rapid River. The latter had 
been investigated previously by Wilson.* 

Taken as a whole, the magnetic anomalies shown 
in the lower half of the mapped region indicate a 
large magnetic nose centered in T42N, R23W with 
the limbs extending to the northwestward and south- 
eastward. Considering this in conjunction with the 
corresponding Bouguer gravity anomaly, there is an 
indication of a structural feature bearing a reverse 
fold near the south central portion of the surveyed 
region. This feature could be clarified if additional 
work were done in the regions of scarce data. 

The greatest significance of these anomalies les in 
the possibility that they might be related to an iron- 
bearing formation within the pre-Cambrian rocks 
which lie at a considerable depth below the Paleo- 
zoic sediments. Wilson’s calculations’ based on the 
anomaly north of Rapid River indicated that the 
depth to the anomaly-producing source there was of 
the order of 1000 ft. Calculations by the author on 
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Fig. 2—Generalized geologic map of T41N to T50N and 
R26W to RI9W. (After geologic map of Upper Peninsula 
of Michigan 1936). 
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Fig. 3—Bouguer gravity map of T41N to T49N and RI8W 
to R26W, Upper Peninsula of Michigan. 


anomalies at A, B, C, and D indicate a similar order 
of magnitude in depth to the producing structure. A 
very interesting feature of the anomalies is that in 
all cases a gravity anomaly is associated with the 
magnetic anomalies. The gravity anomaly may be 
as large as 3 milligals, positive. In most cases, espe- 
cially in the area investigated by Wilson’ and areas 
A and B of this paper, the magnetic anomalies occur 
approximately at the inflection point of the gravity 
anomaly. This fact leads the author to suggest that 
the magnetic anomalies probably are the result of an 
iron-bearing formation lying between two other 
formations which have a large density contrast. This 
feature was more readily observable from plotted 
profiles. A considerable amount of detailed work 
was done in the vicinity of each of the anomalies A, 
B, C, and D. Most of these values were recorded on 
the regional maps and all of them were employed as 
controls for the contour lines. 

The writer wishes to draw special attention to the 
gravity anomaly occurring in T44N, R23W. This 
anomaly lies southeast of the Gwinn district along 
the extended axis of this district and could very well 
be an extension of the Gwinn mineralized area. Al- 
though the Gwinn vicinity does not show a marked 
gravity high, there is an indication of a 1 milligal 
anomaly by the nosing of the contour pattern. 

The work of Bacon and Wyble‘ in the Iron River 
district of Michigan, as well as that of the author’ in 
the Marquette district, indicates that a positive grav- 
ity anomaly is associated with Huronian sediments. 
It is postulated here that the gravity anomaly shown 
in T44N, R23W may be the result of a small syn- 
clinal basin composed of Huronian sediments lying 
within the pre-Cambrian basement below the Paleo- 
zoic sediments. Although this postulation is based 
on a limited supply of information, it is believed by 
the author that this is a very favorable area for fur- 
ther exploration. 

The isomagnetic map reveals that most of the sig- 
nificant magnetic anomalies are of the order of six 
miles in length. These anomalies trend approxi- 
mately east-west and were discovered by north- 
south traverses. If the traverses are not spaced 
closer than six miles, a considerable number of 
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Fig. 4—Isomagnetic map of T41N to T49N and RI8W to 
R26W, Upper Peninsula of Michigan. 


anomalies might be completely overlooked. There- 
fore an estimate was made based upon the number 
of north-south traverses that were run and upon the 
possibility of intersecting anomalies of this magni- 
tude with them. It was calculated that for the 
southern two thirds of the region shown on the mag- 
netic map there should be ten or more magnetic 
anomalies such as those indicated. Much work must 
still be done before a reliable estimate of the sub- 
surface geologic structure can be made. This can 
bear considerable influence on the economic signifi- 
cance of the area overlain by Paleozoic sediments. 


Conclusions 


The regional gravity investigations in the area 
bounded by T41N to T49N and R18W to R26W fur- 
nish considerable information on the subsurface 
geologic structure. The regional anomalies indicate 
the dividing line between the Lake Superior and 
Lake Michigan basins. The more local gravity and 
magnetic anomalies indicate the possibility of there 
being iron formation of apparent economic signifi- 
cance lying beneath the Paleozoic sediments in an 
area not previously considered significant by mineral 
industries. Although the estimated depth to the 
anomaly-producing structure is of the order of 1000 
ft, much of this area appears to be potential mineral- 
bearing land. 
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Depolarizing Magnetite Pulps 


by M. F. Williams and L. G. Hendrickson 


ie classification of pulps bearing magnetized ferro- 
magnetic particles, depolarizing is of great 
importance. If size separation is to be effective, par- 
ticles must be individual rather than in flocs. 
Depolarizing is also practiced in heavy medium 
separations in which ferrosilicon or magnetite is the 
medium. 

When particles of ferromagnetic material have 
been removed from a magnetic field, residual mag- 
netism causes agglomeration. The term depolarizing 
refers to the operation of reducing or eliminating 
this residual magnetism and may thus be con- 
sidered magnetic deflocculation. The terms demag- 
netizing and randomizing are also used. 

At the Research Laboratory of Oliver Iron Min- 
ing Div. in Duluth a method was developed for 
measuring depolarization of the pulp of ferromag- 
netic material. Experiments were made with Mesabi 
taconite,’ a natural magnetite of low coercive force. 
Ferromagnetic materials of higher coercive force, 
such as lodestone or the artificial magnetite produced 
by reduction roasting of hematite, present a more 
difficult problem, which was not within the scope 
of this investigation. It is possible, however, that 
some of the techniques evolved for measuring and 
calculating electrical characteristics of alternating 
current coils would be of use in depolarizing high 
coercive force material, particularly in conjunction 
with high-frequency alternating current, as proposed 
by Hartig and others.” ® 

Properties of Ferromagnetic Materials:** Experi- 
mental work, described below, has shown that if a 
sample in the magnetized state is heated above the 
Curie point and cooled, much of the preferred orien- 
tation is destroyed and the sample is substantially 
depolarized. It has been thought that when the 
sample cools below the Curie point the domains can- 
cel each other, leaving a zero net moment. However, 
such particles still exhibit a tendency to cohere, and 
undoubtedly this is caused by the forces of residual 
magnetism. As measured by the percent depolariza- 
tion, this tendency is reproducible for any sample 
upon repeated heating above the Curie point and 
subsequent cooling and is independent of the initial 
state of magnetization. It is postulated, therefore, 
that as the material is cooled below the Curie point 
the domains in any particle do not completely cancel 
each other, but rather are preferentially oriented to 
some extent. 

Mechanism of Depolarizing with Alternating Cur- 
rent Magnetic Fields: It is believed that when ferro- 
magnetic material is passed through an alternating 
magnetic field, depolarizing occurs in the decaying 
portion of the field. As the particles pass through the 
portion of highest intensity they become magne- 
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Fig. 1—Apparatus for measuring depolarization of magnetite. 


tized. If the particles are not free to move, the polar- 
ities of the particles will be reversed (by a mechan- 
ism similar to that described above for magnetism) 
at a frequency equal to that of the applied field. As 
the material moves through the decaying field, in- 
tensity levels become such that a domain does not 
completely reverse, but stops on an axis of easy 
magnetization. By the time the material reaches the 
point of zero field intensity, a state of fairly random 
orientation of domains is achieved. If conditions are 
such as to give a completely random orientation, the 
particle will have little or no external magnetic 
field, and a pulp of such particles will be depolarized. 


Previous Work 

In 1918 E. W. Davis was granted a patent for de- 
magnetization of magnetite pulps.* His method con- 
sisted of passing the pulp through a tapered coil, 
activated by alternating current of normal frequency 
(60 cycle). This method, with minor modifications, 
has been used almost universally in all pilot plants 
and commercial installations in which depolarization 
of low coercive force materials has been required. 

Hartig, Onstad and Foot” * have made a detailed 
study of the factors involved in depolarizing both 
low (below 100 oersteds) and high (above 100 
oersteds) coercive force material. They developed a 
method for evaluating the relative degree of de- 
polarization of any pulp based on the settling char- 
acteristics of the pulp. Their standard of compari- 
son was a sample heated to above the Curie point 
and cooled in a zero field, all in a neutral atmos- 
phere.* For low coercive force material they found 


* This procedure is subsequently called, in this report, the Curie 
treatment. 


that results equivalent to Curie treatment could be 
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Fig. 2—12x1-in. coil. 


obtained by introducing a pulp of the material into 
a 60 cycle a-c field of 550 oersteds (effective or root 
mean square value), allowing it to remain in this 
field for several seconds, and then slowly with- 
drawing. This slow withdrawal method, being much 
simpler than Curie treatment, was used as the stand- 
ard of comparison. 

Using this evaluation technique, the investigators 
concluded that with static conditions, substantially 
complete depolarizing of low coercive force material 
could be obtained: 1) with field strengths of 425 to 
500 oersteds, rms; 2) without any finite time in the 
maximum strength portion of the field; and 3) with 
rates of flow such that the rate of decay of the field 
in any particle does not exceed 15 to 25 pct for any 
alternating cycle. With flowing pulps, they found 
that depolarizing was less complete than in the 
static state, but this effect could be overcome by 
increasing the field strength, for example, from 500 
to 700 oersteds, rms. 


Experimental Work 


Evaluating Effectiveness of Depolarizing: Evalu- 
ation methods previously used were unsatisfactory 
for this work because gangue particles made it diffi- 
cult to observe the settling rate of the magnetite. 
To overcome this objection, modifications were made 
to measure settling rate of the magnetite only. With 
this method the criterion of depolarizing was the 
slow withdrawal from an 800 oersted (rms) a-c 
field. The present work substantiated the findings of 
Hartig that slow withdrawal from a field of 550 
oersteds or more was equivalent to depolarizing by 
the Curie treatment. 

The apparatus used is a copper tube, 2 in. diam, 
with bronze plug valves as shown in Fig. 1. A pulp 
sample containing 50 to 100 g of magnetic material 
is introduced from the top and the tube is filled 
with water to the overflow tube, thus giving a pulp 
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Fig. 3a—22x1-in. coil; 2500 turns of No. 18 wire. 
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of 5 to 10 pct solids. It is then stoppered and up- 
ended 20 times, with a finger held over the overflow 
tube, then placed in a vertical position and allowed 
to stand for 45 sec. At the end of the sedimentation 
period the draw-off plug valve is opened and the 
pulp above is collected in a beaker and is called the 
overflow. The pulp remaining is collected in an- 
other beaker and is called the underflow. These two 
fractions are then separately treated in the Davis 
tube to recover the magnetic fractions, which are 
dried and weighed. The two fractions are combined 
and repulped in about 200 ml of water, after which 
the pulp is given the so-called 100 pct depolarizing 
treatment, which consists of placing the pulp ina 
glass vessel or the sedimentation tube in an 800 
oersted a-c magnetic field and slowly withdrawing 
it. After this the pulp is put through exactly the 
same series of treatments as the original sample— 
including sedimentation, Davis tubing, drying, and 
weighing. 

Data are handled as shown in Table I. The weight 
of magnetic material above the draw-off tube at the 
start of sedimentation is calculated by multiplying 
the weight of total solids in the tube by 72.4, which 
is the percent volume above the draw-off tube. The 


Table |. Determination of Degree of Depolarizing 


As Is 
Davis Tube Conc., Weight Grams Pct Material 


Initially Above 


Above Draw-off Remaining 

Draw- in Suspension 

Over- Under- off at Above Draw- 

flow flow Total Start off After 45 Sec 

55.0 55.8 39.6 

Pct De- 
100 Pct Depolarized polarized 

17.4 59.6 77.0 55.7 31.2 127 


percent depolarizing is obtained by taking the as-is 
over the 100 pct depolarized percent weight in sus- 
pension above the draw-off after 45 sec and muth- 
plying by 100. 

The selection of 45 sec settling, which was some- 
what arbitrary, was based on the reasoning that 53 
microns (270 mesh) was a significant and conveni- 
ent point of reference in the classification operation. 
In this particular tube at 45 sec settling time, Stokes 
law predicts that for spheres the 53-micron material 
would be equally divided between the overflow and 
underflow. 

The reproducibility of this test was checked by 
making 12 duplicate determinations of the percent 
of the material initially above draw-off remaining in 
suspension above draw-off after 45 sec. The mean of 
the values obtained was 57.8, average deviation 1.8, 
and standard deviation 2.1. 

This procedure has the following desirable fea- 
tures: 1) A single number describes the degree of 
depolarizing. 2) Siliceous material, which is non- 
magnetic and hence of no concern, is eliminated.** 


** Tests indicate that the fact that siliceous material is present in 
the first sedimentation but not in the second has little or no effect 
at dilutions employed. 


3) Sensitivity and reproducibility are adequate for 
the purposes at hand. 

Measuring Intensity of A-C Fields: Field strengths 
of the various coils used in the investigation were 
measured by determining the voltage induced in a 
search coil calibrated against a standard coil, con- 
structed with a length that was great as compared 
with diameter and with thin windings (approaching 
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Table Il. Effect of Variables on Depolarization 


Rate of Field Decay 


Cycle, Pct 
Coil 
Hmaz Pulp Straight Tim 
ein Pct 
Velocity, Part of At 100 mazs Depol- Desig- Connec- 
9 s Fps Curve Oersteds Cycles arized nation tion 
a4 Effect of Maximum Field Intensity 
138 0.8 8 8.9 110 2% x1in. 
0.8 8 8.9 116 2% x 1in. 
13D 13 5.5 122 2% x lin. 
15M 1.3 13 128 2% x 1lin. 
2.5 25 28.9 113 12x 1in. 1 
160 2.8 28 24.0 110 12x 1 in. 1 
2.7 27 24.8 107 12 x 1 
tee me 16.1 28 182 1} 34 12 x 1 in. 2 
15.4 27 108 1.4 43 UG 2 
15.8 27 28 1.4 62 1Zisc ins 2 
Effect of Retention Time in Maximum Field* 
2.6 26 108 2% 
2.4 24 3.0 106 2%x1in. 
2.6 26 2.8 100 2% 
Effect of Pulp Velocity and Rate of Field Decay Considered Together 
0.8 8 8 8.9 110 242 x1 in. 
1.3 13 13 5.5 122 2% x1lin. 
a 0 2.8 28 28 2.5 104 2%x1in. 
oe 200 8.4 84 84 0.9 71 2%x1in. 
4 a 200 15.6 156 156 0.5 21 2% x1lin. 
io 200 3.9 10 10 1.8 102 Tapered 
ice 200 7.6 19 19 0.9 92 Tapered 
200 15.6 39 39 0.5 66 Tapered 
Effect of Pulp Velocity at the Same Rate of Field Decay** 
200 16.4 40 40 64 Tapered 
200 4.0 40 40 103 20. x Jin. 
200 12.3 30 30 17 Tapered 
200 3.0 30 30 110 2% x1in. 
200 8.2 20 20 90 Tapered 
200 2.0 20 20 118 2%x1in. 


* Compare items here with data for 15 M,N,O under Effect of Maximum Field Intensity. 


** Data interpolated from Fig. 4b. 


a single layer), the intensity of which can be cal- 
culated by the standard formula:* 


0.42 NI 
V4R* + S? 
when H axis center equals field intensity, in oersteds, 
at the center of the coil on the longitudinal axis; N 
is the number of turns; I is the current in amperes; 
R is radius of winding, cm; and S is length of coil, 


cm. In lieu of a standard coil the search coil factor 
can be calculated from the formula: 


10° 
2rfNA 


where H/E equals search coil factor, oersteds per 
induced volt; f is frequency; N is number of turns; 
and A is area, cm”. 

Early Investigation: The importance of effective 
depolarizing became evident during pilot plant test- 
ing of flowsheets for grinding and concentrating 
magnetite taconite. The flowsheet employed con- 


H axis center = 


H/E = 


100 


D @ 


PCT 
§ 
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87 
5 LAYERS, 70 TURNS EACH -- ~~~ 
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Fig. 3>—Tapered coil. 
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sisted of two-stage grinding (first stage, rod milling; 
second stage, ball milling) with concentration by 
magnetic separation following each grinding step. 
The ball mill was operated in closed circuit with a 
classifier; since this material was subjected to a mag- 
netic field in the first stage (cobbing) of magnetic 
separation, depolarizing of the plup was required 
before classification in the ball mili circuit. 

Carried out under the conditions prescribed by 
Hartig,” in most of the early tests depolarizing ap- 
peared adequate to give desired separation. In some 
of the tests, however, classification was erratic, and 
circumstantial evidence indicated faulty depolariz- 
ing as a possible cause. As classification is of con- 
siderable importance in commercial operation, a 


Table Ill. Drop Tests to Determine Rate of Field Decay 


Velocity at Rate of 
Height, macs Field Decay Pct Depol- 
Test No. H-Ft Fps Cycle, Pct arized 
20-A 0.5 6 15 97 
B 15 10 25 102 
ie 3.5 15 37 99 
D 6.25 20 50 96 
E 9.75 25 62 87 
F 14 30 75 86 
G 20 36 90 69 


thorough review of the factors affecting depolariza- 
tion was made to determine permissible limits of 
field intensity and velocity applying to the particu- 
lar material being tested, and methods were evolved 
to insure the best possible depolarization for opera- 
tions at the Pilotac plant of Oliver Iron Mining Div. 
at Mountain Iron, Minn. 

Apparatus: Most of the depolarizing test work 
was carried out in a closed-circuit system. Pulp 
flowed by gravity from a steady-head tank through 
a depolarizing coil and was pumped back through a 
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magnetizing coil or magnetic separator for remag- 
netizing, then back to the steady-head tank. All 
tests were made on a ball-mill discharge (classifier 
feed) from the magnetite taconite pilot plant. Screen 
analysis of this product is approximately as follows: 


Cumulative 
Screen Size, Mesh Weight, Pct Weight, Pct 
+48 8.1 8.1 
48/100 14.7 22.8 
100/200 31.0 53.8 
200/270 12.4 66.7 
—270 33.3 


It contained approximately 56.1 pct Fe and 7.6 pct 
SiO,. Although magnetic properties were not deter- 
mined, the magnetite contained is believed to have 
a coercive force in the neighborhood of 80 oersteds. 


Experimental Data 

Some preliminary tests were made while experi- 
mental techniques were being developed, on the as- 
sumption (from Hartig’s work) that the most im- 
portant factor in depolarizing was the rate of decay 
of the field in the pulp. These tests indicated that al- 
though the rate of field decay was important, the 
velocity of flow had a significant effect over and 
above that attributable to the rate of field decay. 
To distinguish between the effect of these several 
variables, it was necessary to use several coils of 
different field shapes. Sketches of coils and field 
shapes are shown in Figs. 2 through 4a. 

It will be noted that the coil sketched in Fig. 4a 
has a variety of possible combinations of windings, 
allowing a diversity of field shapes. By the use of 
more than one coil, it was possible to hold all the 
variables constant except the one under considera- 
tion. For instance, the rate of decay in the 12x1-in. 
coil with connection 1 was approximately the same 
as that for the 24%2x1-in. coil. As the former has a 
long plateau at the maximum field strength, whereas 
the latter reaches the peak field only in the coil 
center, this gave a convenient method for holding all 
variables constant except retention time in H,,,,. 
Similarly, the effect of different rate of field decay 
at the same velocity can be obtained by comparing 
flow through the 2142x1-in. coil with that through the 
tapered coil, due to the substantially different rate 
of field decay in the two coils. 


© 12. X{1-IN. COIL WINDINGS 


4,2,3, AND 4 IN SERIES 
x 12X1-IN. COIL. WINDINGS 
{ AND 2 IN SERIES 


3 OPEN CIRCUIT, 4 SHORT 
CIRCUIT 


sob 


PCT Hmax 


DISTANCE FROM Higays IN. 


Fig. 4a—Coil field shapes used in test 15. 
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Fig. 4b—Comparative data from tests 13 and 15. 


It will be noted that for the coils with a single 
set of windings (24%x1-in. coil, tapered coil, and 
12xl-in. coil, connection 1) the curve of field 
strength vs distance is a smooth curve of regular 
shape, whereas for the more complicated connection 
(12x1-in. coil, connection 2) the rate of field decay 
changes for different parts of the coil. This intro- 
duces the difficulty of evaluating the rate of decay 
for this type of winding. 

For lack of a better method, an arbitrary system 
for comparing the field shapes was used in most 
cases. A straight line was drawn tangential to the 
straight portions of. the field intensity-distance 
curves (see Figs. 3a and 3b) and field gradient was 
expressed as the slope of this line, in percent per 
inch. Rate of decay, in percent per cycle, could then 
be calculated from this figure, the velocity of flow, 
and the frequency. This system of expressing the rate 
of field decay is satisfactory for coils with single 
windings, but not for cases in which irregularities 
occur in the field shape curves. As will be pointed 
out below, it appears that the rate of field decay in 
the region of H = 100 oersteds is of particular sig- 
nificance in the depolarization operation, and for 
tests in which this effect is important the field decay 
has been measured as the slope of the tangent to the 
field shape curve at 100 oersteds. 

Tests summarized in Table II were planned so 
that effects of maximum field intensity (Hn), re- 
tention time at H.,,.., rate of field intensity decay, 
and velocity could be compared. 


Analysis of Data in Table II 

Effect of Maximum Field Intensity: For this factor 
the tests within each group (except the 15 J, K, L 
group) are similar in all respects except Hy :. It 
will be noted that for the first three groups, Hmnaz 
has little effect on depolarizing, with perhaps a slight 
advantage in favor of high field strengths. The tests 
of the 15 J, K, L, however, show a significant ad- 
vantage in favor of low field strengths. These tests 
were made with the 12xl-in. coil, with the No. 2 
connection (irregular field shape). If the rate of 
field decay here is calculated by the usual method 
the rates of decay are the same for all three tests. 
However, if the slope of the tangent at 100 oersteds 
is used to calculate the rate of field decay, it will be 
noted that the rates are widely different, the rates 
of decay being higher for the higher field strengths. 
This has been taken as an indication that the rate 
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Table IV. Depolarization by Flowing Through Pipes of Various Diameters 


Pipe Diam 
Pulp Reynolds Pet 
In., Ft, Velocity, Number, Depolar- 

Oe ominal Actual Fps Re ized Remarks 
es : 0.245 2.14 9910 107 Rather rough eniry 
0.245 2.02 9270 104 
be 3 0.245 1.54 7080 105 

. 5 8040 97 Rather r h 
3 0.245 1.52 6750 
27E 01615 188 3000 

15000 99 Rough en 
tes 2 0.1615 3.14 9460 108 eae 

ae 2 0.1615 2.85 8720 100 
0.1615 1.47 4400 109 
ory. 0.1615 4.35 13040 106 Smooth entry 

2 0.1615 2.92 8850 105 
py 8.04 19200 104 

27I 1% 0.125 4.90 11700 93 
27K 1% 0.125 3.54 8400 108 
27L 1% 0.125 1.54 3650 126 
31N 1% 0.125 7.38 17800 115 Smooth entry 
310 1% 0.125 3.37 7720 120 

: 12.82 18200 102 Very rough entr 

27N 1 0.0727 TAT 10480 118 4 = i 
270 1 0.0727 4.60 6330 110 
27P ul 0.0727 2.62 3700 136 2 
31Q 1 0.0727 13.31 17700 112 Smooth entry 
31R al 0.0727 6.28 8710 136 
31S 1 0.0727 2.80 3800 136 
27Q ¥\ 0.0516 11.80 11670 100 Very rough entry 
27R % 0.0516 8.90 8910 102 
27S % 0.0516 5.36 5370 110 
27T % 0.0516 2.38 2390 118 
31T Vy 0.0516 11.8 11420 109 Slight ridge at entry 
31U Va 0.0516 7.28 7010 118 
31V %, 0.0516 2.35 2340 155 


Depolarizing coil: tapered coil, Hmaz, 400 oersteds. 
Material: Pilot plant ball mill discharge. 


Viscosity assumed to be 0.00612 English units in calculating Nre (9.1 centipoise) . 


of decay in the region of 100 oersteds is of particu- 
lar importance. 

Effect of Retention Time in Maximum Field: Com- 
parison of the 15 P, Q, R group in Table II with the 
15 M, N, O group indicates that with other factors 
constant there is no advantage in a long retention 
time in 

Effect of Pulp Velocity and Rate of Field Decay 
Considered Together: It is clear from these two 
series of tests that with increasing pulp velocity and 
rate of field decay, other factors being constant, 
depolarizing is impaired. It will be noted, however, 
that Test 13A at low pulp velocity was not as well 
depolarized as would be expected from the general 
trend shown. This will be discussed later in the 
paper. The data from these two series have been 
plotted in Fig. 4b. 

Effect of Pulp Velocity: The effect of pulp velocity 
with other factors (including rate of field decay) 
constant, may be observed by comparison of the 
13A,C,E,I,Q set with the 13 G,K,S set which was 
made with coils of different rates of field decay. As 
the experimental conditions were not set to make 
direct comparisons at either the same velocity or 
the same rate of field decay, the data have been 
plotted in Fig. 4b, and the Pct Depolarizing at equal 
values of field-decay rate interpolated from the 
curves. These data, listed in the last group in Table 
II, indicate that velocity of flow has an effect over 
and above that associated with rate of field decay. 

In Table II more than half the values cited for 
Pct Depolarizing exceed 100 pct. This means that 
those samples were better depolarized than by the 
standard method, i.e., slow withdrawal, equivalent 
to Curie treatment. The values over 100 pct are sur- 
prising, as the Curie treatment was thought to be 
the ultimate in depolarizing. However, the existence 
of values over 100 pct has been well substantiated 
by results from a large number of tests. 
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Drop Tests on Rate of Field Decay: Still another 
method was devised to distinguish between the ef- 
fects of pulp velocity and rate of field decay. A 
plactic bomb was constructed with a set of tail fins, 
similar to an arrow, so that it could be dropped with 
accuracy from a considerable height through the 
6-in. tapered coil. After a sample of ball mill dis- 
charge was placed in the bomb, the bomb was stop- 
pered and dropped through the 6-in. tapered coil 
from various heights. Thus different rates of field 
decay could be obtained with zero pulp velocity rel- 
ative to container walls. Results are listed in Table 
III. In these tests depolarizing remained at about 
100 pct up to a rate of field decline of 50 pct:per 
cycle, and even up to 75 pct per cycle the effect was 
minor. In no case, however, did depolarizing exceed 
100 pet. From these tests it was concluded - that 


Table V. Extract from Data of Table IV 


- Pipe Diam 
— Pulp Pct 
In., Nomi- Ft, Velocity, Reynolds Depolar- 
Test No. nal Actual Fps Number ized 
31A- 3 0.245 1.79 8040 97 
J 2 0.1615 _ 2.92 8850 105 . 
L 1% 0.125 1.54 3650 126 
Ss 1 - 0.0727 - 2.80 3800 136 
Vv % 0.0516 2.35 2340 155 


Material: pilot plant ball mill discharge. 


1) field decay up to at least 50 pct per cycle was 
permissible, and 2) some flow of pulp is necessary 
to obtain depolarizing in excess of 100 pct. 

Effect of Conduit Diameter and Significance of the 
Reynolds Number: In reviewing the data of Table II, 
it may be noted that in the %-in. ID copper tubing 
used, substantially complete depolarizing (over 100 
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Table VI. Effect of Variables in Free-Fall Method 


Pulp Velocity, 


Fps Orifice Diam 
Ori- 
At Volume Effec- Hmazr Rey- Pet 
Test Ori- At Rate, Actual Actual tive Pulp, Oersteds, nolds Depol- ee 
No. fice Hmazr Ft3/Sec In. Ft Ft Sp Gr Rms No.* arized o. 
Effect of Orifice Size ; 
41F 8.2 9.6 0.0150 %y 0.064 0.048 1.82 606 7320 134 
41G 8.2 9.6 0.0605 1% 0.125 0.097 1.82 606 14770 139 i 
41E 8.0 9.0 0.1052 0.167 0.130 1.82 606 19320 122 
41D 8.0 9.0 0.198 2% 0.230 0.178 1.82 606 26440 122 
Effect of Field Intensity 
355 9.4 10.6 0.0173 % 0.064 0.048 1.78 200 8200 99 : 
411 6.9 8.0 0.0514 1% 0.125 0.097 1.80 332 12300 133 1 
35B 9.7 11.0 0.0179 Vy 0.064 0.048 1.83 400 8700 131 4 
35K 9.1 10.2 0.0177 Vy 0.064 0.048 1.79 800 7980 123 
Effect of Pulp Density 
43A 8.0 9.0 0.060 1% 0.125 0.097 2.03 446 16080 136 : 
43G 9.3 10.1 0.068 1% 0.125 0.097 1.78 446 16390 142 1 
43M 9.6 10.4 0.071 1% 0.125 0.097 1.78 446 16920 140 “i 
43N 9.6 10.4 0.071 1% 0.125 0.097 1.52 446 14360 144 : 
430 9.6 10.4 0.071 1% 0.125 0.097 1.36 446 12930 138 
Effect of Number of Orifices (without Baffles) and Effect of Feed in Baffles 
46A 8.7 9.5 0.064 1% 0.125 0.097 1.86 446 16030 117 1 
46D 7.4 8.4 0.124 12 0.125 0.097 1.88 446 13780 103 2 
46B 8.7 9.5 0.220 1% 0.125 0.097 1.86 446 16030 111 3 
Effect of Number of Orifices (with Baffles) and Effect of Baffles in Feed Box 
47B 8.4 10.0 0.062 1% 0.125 0.097 173 446 14390 137 1 
47C 8.0 9.8 0.118 1% 0.125 0.097 1.76 446 13940 120 2 
47D 6.8 8.8 O.15i 1% 0.125 0.097 TAS 446 11651 126 3 


* At point of discharge from orifice, using effective diameter of orifice. 


Depolarizing coil: tapered coil. 


In calculation of Nre viscosity is assumed to be 0.00612 English units. 


pet) was obtained only when the pulp velocity did 
not exceed about 7 to 8 fps. In some cases, e.g., Test 
13 J, a lower velocity was required, but only when 
the rate of field decay exceeded 60 to 70 pct per 
cycle. It was considered possible that this region of 
rather critical velocity might be related to the tran- 
sition from streamline to turbulent flow. If this was 
the case, the Reynolds number should serve as an 
indication of the transition point and would serve 
for comparing conditions with varying sizes of con- 
duit. Reynolds number, N,., is defined as: 


Re 


where D is pipe diameter, ft; V is pulp velocity, fps; 
P is mass density, lb/ft®; and u is viscosity in English 
units (centipoises/1488). 

The viscosity of the pulp was not known, but for 
purposes of comparison a figure of 0.00612 English 
units (9.1 centipoise), determined from previous 
work, was assumed. 

Assuming this viscosity and a pulp velocity of 7.5 
fps in %-in. ID tubing, Ny. was calculated to be 
8820. For a Newtonian fluid, the transition from 
streamline to turbulent flow usually occurs in the 
range of N,. between 1700 and 3700. The exact point 
of transition varies depending on other factors, such 
as length of straight conduit, surface roughness, and 
disturbance of the stream upon entrance. The fric- 
tion factor has been plotted against Reynolds num- 
ber in an attempt to determine the transition point 
between streamline and turbulent flow for magne- 
tite pulps. Such measurements are difficult and un- 
certain on a pulp of suspended solids, and it was not 
possible to determine the transition value with any 
degree of certainty, but the plot seemed to indicate 
transition in the region about Nz. = 3000 (assuming 
the same value of viscosity). 

Although N,. = 8800 is not in close accord with 
the transition value at about Nx. = 3000 so deter- 
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mined, the hypothesis was made that the region 
around 8000 might still be in the transition zone. In 
view of the several uncertainties involved, this is 
not without the realm of possibility. 

This hypothesis was checked by making tests at 
different velocities in pipes of different sizes. Results 
are reported in Table IV. Table V contains an ex- 
tract from Table IV, showing the percent depolari- 
zation obtained with pipes of different diameters at 
approximately the same pulp velocities. 

In these tests a steady-head tank was used to 
deliver the pulp to the conduit. In Test 27 the tubes 
were connected to the steady-head tank by welding 
to standard pipe bushings, and it is obvious that 
the entrances would be rough and not conducive to 
streamline flow. In Test 31 the tube fittings were 
turned down and somewhat smoothed to favor 
streamline flow. The data indicate that at equal 
Reynolds numbers, depolarizing is better with the 
smoother entries. 

Data from Test 31 have been plotted in Fig. 5, 
showing the relationship between the percent de- 
polarized and Reynolds number. Although there is 
a considerable scattering of points, this curve shows 
a definite trend towards better depolarizing at de- 
creasing Reynolds number. The differences in flow 
conditions due to influences not accounted for in the 
Reynolds number could well account for the devia- 
tions from the curve. It will be noted, too, that most 
of the points not falling on the line are in the neigh- 
borhood of N,. = 9000, which may be a critical 
range in the transition from streamline and turbu- 
lent flow. ; 


Discharge Through Orifice and Free Fall Through 
Coil: The preceding data indicated that streamline 
flow favors good depolarizing and that if streamline 
flow prevails (at Nx. less than 4000 to 6000) rela- 
tively high velocities through the coil can be tol- 
erated. To apply these conditions to pulp flows that 
might be encountered in a commercial plant, it 
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would be necessary to use a large number of small 
tubes, with perhaps several tubes passing through a 
single coil. This would be an awkward arrangement 
at best and would require a complex installation. 
In an attempt to find a simpler method, it was 
thought that desirable flow conditions might be 
achieved by allowing the pulp to flow through an 
orifice and then to pass through an a-c field in free 
fall. By this method, even if turbulence was set up 
in the stream in passing through the orifice, it 
should decrease once the pulp entered free fall. This 
scheme was tried and found to give excellent de- 
polarizing results, and experiments were made to 
determine the effect of the several variables on de- 
polarizing. Here again, a closed-circuit system was 
used, with a steady-head tank feeding the orifice or 
orifices. In these tests the head in the tank was 


measured and, using the formula V = K\/2gh, where 
V is velocity, fps, h equals head in feet of pulp and 
K is the coefficient of discharge. This coefficient was 
found to be 0.60 to 0.65, agreeing well with figures 
given in the literature for sharp-edged orifices. In 
calculating N,., the effective diameter of the orifice 
was taken as that which gives an area of 60 pct of 
the actual orifice area. The data from these tests is 
summarized in Table VI. It will be noted that the 
values for percent depolarized are very high 
throughout and, in general, equivalent to the best 
values obtained by flow through pipes. Good de- 
polarization was obtained with Reynolds numbers as 
high as 19,000 (at the point of discharge). 

The first group of tests (Test 46) in Table VI was 
made using a simple tank feed box for the orifice, 
the incoming feed being pumped directly into the 
pool. For the second group (Test 47) the tank was 
provided with baffles in such a manner that the pool 
above the orifices would be much quieter and not 
disturbed by the new feed. Use of a quiescent pool 
gave a significant improvement in depolarizing. 

The data of Table VI indicate that best results are 
obtained with orifice diameters of 11% in. and less, 
although fairly good results were obtained with 
sizes up to 234 in. Results indicate that multiple 
orifices can be used successfully, although there is a 
slight tendency for depolarizing to be poorer as 
more orifices are used. 

The tests reported in the second group of Table VI 
also indicate that field intensities from 300 to 800 
oersteds are satisfactory. An intensity of 200 oer- 
steds appears to be too low. Data in the third group 
of Table VI show that depolarizing is unaffected by 
pulp density in the range 35 to 65 pct solids. 

Comparison of Flow through Tubes with Free-Fall 
Method: Table VII contains data from a test made 
to compare flow through tubes with free fall from 
an orifice discharge. In the tube tests velocities were 


maintained at 6 to 7 fps in each test; in the orifice 
tests, the orifice sizes were chosen so that the effec- 
tive diameter would be equal to that of one of the 
tubes. Velocities at the point of leaving the orifice 
were about 8 fps; at H,,.. the velocities were 5.8 to 9 
fps. The data show clearly that depolarizing using 
orifice discharge and free fall is superior to flowing 
through tubes of equivalent diameter, particularly 
at larger stream diameters. 

Commercial Installation at Pilotac: As the labora- 
tory tests using free fall from an orifice discharge 
were so successful, it was decided to use this method 
at the Pilotac plant of the Oliver Iron Mining Div. 
This plant consists of three parallel sections for con- 
centrating magnetite taconite, each with a design 
capacity of 2000 tons crude per day. 

To accommodate the expected flow in each section, 
it was calculated that 28 1144-in. orifices operating 
under a head of 2 ft would be required. As the cost 
of a-c solenoids increases exponentially with diam- 
eter, it was decided to split the stream between four 
coils, with seven orifices discharging through each. 
Orifice plates with seven 114-in. holes in each were 
cast of silicon carbide. By arrangement of six ori- 
fices on 2-in. centers around a central orifice, the 
stream could be accommodated within a coil 7 in. 
I.D. The coils were designed with a field about 16 in. 
long and with H,,,, about 6 in. below the orifices. 
Calculated velocity at H,,., is about 13 fps. 

This installation has been in operation since the 
plant started in June 1953 and has given satisfactory 
depolarizing. Periodic checks show the pulps to be 
110 to 120 pct depolarized, and it is believed that 
this performance can be improved by making pro- 
visions to minimize disturbances in the feed box. 

It has not been possible to obtain exact correla- 
tion between the effectiveness of depolarizing and 
classifier performance, but the importance of good 
depolarization has been demonstrated in a general 
way at the Pilotac plant. 

Two kinds of classifiers are in use at Pilotac, rake 
and hydroseparator. An overflow containing about 
75 pet —270 mesh is desired. Both operate well and 
give reasonably good size separations when de- 
polarizing is good (110 to 120 pct). With the rake 
classifier, when depolarizing falls below 100 pct, the 
rake product changes from a clean granular sand to 
a jelly-like mass and is difficult to rake up the slope. 
Magnetic material tends to build up in the pool. 
After a short time it is impossible to obtain any 
circulating load. 

With the hydroseparator there is no problem re- 
moving the sand product as with the rake, but there 
is difficulty in overflowing the finished material. 
Particle size of the overflow becomes heavier and 
more contaminated by fine material. It has also been 


Table VII. Comparison of Flow Through Tubes with Free Fall from Orifices 


Pulp Velocity, Fps 


Type of 


Orifice or Tube Diameter 


In Pipe Rate, Flow Tube Pulp Density nolds Pct De- 
Test or at At Ft? Per or Actual Actual Effec- 2 Num- polar- 
No. Orifice Hmax Sec Orifice In. Ft tive Ft Solids Sp Gr Hmaz ber ized 
51A 8.0 9.0 0.0173 Orifice 13/16 0.068 0.053 59.0 1.80 446 7650 146 
51B 8.2 9.2 0.0269 Orifice 1 .083 0.065 65.7 1.98 446 10640 131 
bee) 7.5 8.5 0.0552 Orifice 1% 0.125 0.097 67.6 2.05 446 15010 133 
51D 7.8 8.8 0.0970 Orifice 1 15/16 0.162 0.126 67.7 2.05 446 20430 120 
51E 5.5 7.0 0.1120 Orifice 2% .208 0.161 67.6 2.05 446 18320 124 
51G 5.8 5.8 0.0121 Tube Ye 0.052 0.052 67.9 2.05 446 6280 137 
51H 6.3 6.3 0.0195 Tube Vs 0.063 0.063 67.5 2.04 446 8150 130 
511 6.7 6.7 0.0469 Tube 1% 0.094 0.094 64.4 1.95 446 12390 ifaly/ 
51J 6.3 6.3 0.077 Tube 1% 0.125 0.125 66.7 2.01 446 15960 100 
51K 6.0 6.0 0.123 Tube 0.162 0.162 67.6 2.05 446 20160 86 
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Fig. 5—Graph of data from test 31. Percent depolarized 
vs Reynolds number. 


observed that hindered settling is more pronounced, 
that is, there is a heavy-media effect and the sepa- 
ration is influenced more by the specific gravity of 
the mineral grains than would be the case with good 
depolarizing. 

Depolarizing of Cobber Concentrate Before Grind- 
ing: In making the design layout for the Pilotac 
plant, it became evident that the simplest design 
for closing the ball mill circuit with a rake classifier 
would be to install the depolarizing coils on the ball 
mill feed (rougher magnetic separator concentrate), 
rather than on the ball mill discharge (classifier 
feed). This proposal was considered seriously, as 
it would also obviate passing the circulating load 
through the depolarizing coils and thus require a 
smaller depolarizing installation. It was also pos- 
tulated that grinding in the ball mill would improve 
depolarizing. 

This scheme has been investigated in the labora- 
tory, at the pilot plant, and at the Pilotac plant and 
in each case has been found to give poor depolar- 
izing. Data from a test made at the Pilotac plant are 
summarized in Table VIII. 

A number of experiments have been made in an 
attempt to explain this, but nothing has developed 
that can be supported on any firmer ground than 
mere speculation. 

Application of Magnetic Theory to Depolarizing: 
Several interesting observations were made during 
the course of the investigation that differ from those 
made by previous investigators: 

1) Heating above the Curie point and cooling, 
slow withdrawal of a pulp from an alternating 
field, and passage of a pulp in an enclosed con- 
tainer through an alternating field all give equally 
good depolarization. 

2) Depolarization significantly better than ob- 
tained by the above methods can be obtained by 
passing a pulp through an alternating field in 
streamline flow. 

3) Depolarization by flowing through an alter- 
nating field at very low Reynolds number is not as 
effective as at a moderate Reynolds number, and 
in fact, is very nearly that obtained by any of the 
methods enumerated under item 1 above. 

It is doubtful that perfect depolarization, with 
reduction of the net moment of the particles to zero, 
has been effected in any of the tests, even when 
values of Percent Depolarizing as high as 180 to 200 
pet have been achieved. Examination of well de- 
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polarized pulps under the microscope has revealed 
considerable flocculation, which it seems could only 
be due to residual external magnetism in the par- 
ticles. Hartig and co-investigators (Ref. 2, p. 13) 
have proposed a method for estimating the behavior 
of a perfectly depolarized pulp. They studied the 
settling rate of a pulp depolarized by the slow with- 
drawal method in comparison to that of equally- 
sized pyrite, a nonferromagnetic material, of ap- 
proximately the same specific gravity as magnetite. 
They found that the settling rate of the pyrite was 
considerably slower, indicating a significant amount 
of magnetic flocculation for the depolarized mag- 
netite. 

Considerable speculation could be carried on con- 
cerning the reasons why some preferential orien- 
tation of the domains remains after depolarizing, 
but as it is not supported by direct experimental 
evidence, it will not be attempted here. It can be 
pointed out that the only element common to de- 
polarizing by Curie treatment and the other methods 
enumerated in item 1, above, is the quiescent condi- 
tion of the material, which may have some bearing 
on the fact that equivalent depolarizing results are 
obtained. 

In studying the behavior of magnetite particles 
under the microscope, Hartig (Ref. 2, pp. 6, 7) ob- 
served that in a 60-cycle field single particles rotated, 
presumably at a speed of 60 rps, in much the same 
fashion as the rotor in a synchronous electric motor. 
He further observed that if a group of particles 
were placed in a close proximity in an alternating 
field of gradually increasing intensity the particles 
would at first rotate and then tend to form into 
groups, or chains. After these chains formed the 
magnetic forces holding them together were strong 
enough to prevent rotation, although they usually 
continued to vibrate. With high coercive force mag- 
netite, the tendency to form chains was much less 
pronounced, and the particles continued to rotate, 
even at high field strength. 


Table VIII. Depolarization Tests on Cobber Concentrate and 
Ball Mill Discharge 


Pct Solids Coil in Use ae 
Test Ball Mill Classifier Ball Mill Ball Mill Depolar- 

No. Discharge Overflow Feed Discharge ized 

A 67.7 On On 122* 
B 67.7 39.8 On On 131 
(S 67.7 39.8 On Off 65 
D 67.3 1 On Off 66 
E On Off 61 
F On Off 70 
G On On 114 
On On 126 
I 48.0 On On 122 
J 43.2 On Off 69 
K 67.0 42.3 On Off 63 
L 67.0 41.2 On Off 65 


*In Test A a sample of the ball mill discharge taken before pass- 
ing through the ball mill discharge depolarizing coil showed 65 pct 
depolarized. 


This chaining of particles appears to be of con- 
siderable importance in depolarizing. Obviously if 
a particle follows the alternating field by rotating, 
there are no reversals of polarity of the domains 
and the particle will remain magnetized. Thus the 
chaining-up of particles appears necessary to pre- 
vent such rotation. 

In high coercive force material the resistance to 
chaining precludes depolarization with a 60-cycle 
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rH 


field. Higher frequencies are required, so that the 
speed of rotation of the field exceeds the speed of 
rotation that can be attained by the particles. 

With low coercive force material the particles 
have an opportunity to form chains as they pass 
through the high intensity portion of the field. If 
the pulp is in streamline flow, it appears that these 
chains persist through the declining portion of the 
field, thus preventing rotation of the particles. How- 
ever, if flow is turbulent these chains are sheared 
apart, allowing rotation of the particles and in turn 
preventing effective depolarizing. In the case of 
free fall through the coil, it appears that even though 
the flow might be turbulent at the orifice discharge 
it turns into streamline flow during the free fall. 

Although the chaining effect appears to offer a 
satisfactory explanation of why good depolarizing 
is not achieved in turbulent flow, it does not explain 
why streamline flow is better than depolarization in 
a quiescent condition or with very low velocity of 
flow. Apparently some relative motion of the par- 
ticles is required, but it is difficult to explain why 
this is so. 


Electrical Characteristics of Alternating 
Current Coils 

During the course of these investigations it be- 
came necessary to construct a number of a-c coils 
of various sizes and shapes. Electrical characteristics 
were then ascertained, the field intensity being 
measured with the search coils described on p. 202. 
Various formulas found in handbooks and textbooks 
of electrical engineering were applied to these coils, 
and several were selected as capable of producing 
most accurately the electrical characteristics of any 
particular coil. In measuring field intensity it was 
assumed that the formula for the field strength of 
an ideal coil was sound. 

Field Intensity: For the point of maximum in- 
tensity along the axis (H,,.,), the formula used to 
calculate the Hari, center for the standard coils can 
also be used to calculate the intensity at the maxi- 
mum point along the axis. The value of R in the 
equation is taken as the arithmetic average of the 
radius of the windings (in cm). 

The field intensity for any point, P, along the axis 
can be calculated by the general form of the above 
equation, given by Atwood,’ as 

2 


_0.20NI ») 


where b is the distance, in cm, of point P along the 
axis from the coil center. In the case of a tapered 
coil, the coil may be considered to be formed by a 
series of flat pancakes of decreasing winding thick- 
ness. The field intensity at any point may then be 
calculated by calculating the field for each of these 
pancakes and by simply adding the field intensity 
contributed by each pancake. 

Inductive Reactance: The formula given by Pender 
and DelMar® for inductance was found to give 
excellent agreement between calculated and meas- 
ured values of inductive impedance. 

Heat Dissipation: Power is consumed in overcom- 
ing ohmic resistance and proximity and skin effect 
resistance. These losses are of the RI’ type and appear 
in the form of heat. Ohmic resistance can be easily 
measured or calculated. 


aris 
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The terms proximity and skin effect resistance re- 
late to nonreactive impedance effects that are pecu- 
liar to alternating current and are therefore not 
measured when ohmic resistance is measured. How- 
ever, with alternating current, they can be treated 
as an ohmic resistance and result in power losses of 
the RI’ type. 

No method could be found in the literature for 
calculating this type of resistance, and therefore 
estimation must be approached empirically, requir- 
ing data on a coil similar in geometry to the coil 
being estimated. 

Power, resistance, and current measurements can 
be made at various temperatures. From the power 
and current, total resistance can be calculated and 
the proximity and skin effect resistance determined 
by subtracting the ohmic resistance from the total 
resistance. Curves can then be plotted of the two 
types of resistance vs temperature. The ohmic resist- 
ance of the projected coil can then be calculated 
and the proximity and skin effect estimated from 
the curves. 

The curves of Ref. 11 were found to be fairly 
reliable for calculating heat dissipation. 


Summary and Conclusions 

It has been shown that effective depolarization of 
pulps of low coercive force ferromagnetic material 
can be obtained by flowing the pulps through a 60- 
cycle alternating field under the following condi- 
tions: 1) when the pulp is in streamline flow; 
2) when field strength of the coil is at least 300 
oersteds (effective value); and 3) when the velocity 
of flow is such that the rate of decline of field in- 
tensity in any particle as it passes through the field 
does not exceed 50 pct per alternating cycle. 

The most effective means for practicing depolariz- 
ing on a commercial scale was found to be the dis- 
charge of the pulp through orifices into the air core 
of an a-c solenoid so that the pulp passes through 
the coil in free fall. 

A method of evaluating the effectiveness of de- 
polarizing was developed. 

Techniques for measuring field strength of alter- 
nating fields were developed, together with methods 
for calculating the electrical characteristics of al- 
ternating current coils. 
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Deformations in the Shells 


Of Rotary Cement Kilns 


The rotary kiln is subjected to various mechanical stresses 
that distort its steel shell and refractory lining. Stiffening rings 
mounted on the shell keep the hot kiln circular in their vicinity. 


by S. M. Brisbane 


HE life of refractory linings in rotary cement 

kilns can be shortened by uneven or inadequate 
support of the kiln and its shell and by variations 
in the conditions of operation. Alteration of these 
factors may, according to their nature, bring about 
mechanical deterioration of the lining or promote 
chemical attack. Chemical attack has been described 
elsewhere.'* The distortion of cement kilns has been 
discussed in a general manner by Rochow,’ who in- 
dicates the amount of distortion which may occur 
in an unlined shell, and by Rosenblad,* who states 
that the deformations of the shell are greatest above 
the trunnions. The present article indicates the ex- 
tent of the distortion of a kiln to an oval shape in 
certain selected positions and the deviation from a 
straight line of the kiln along its length between 
two supports. 

The cement kiln is a long, hollow, rotating cyl- 
inder consisting of steel plates which may be either 
welded or riveted together. This shell is supported 
on tires, frequently 60 ft apart, which roll on trun- 
nions. The large mass of the kiln causes distortion 
of its cross-section; it becomes slightly oval, i.e., 
diameters lengthen as they become horizontal and 
shorten as they become vertical. There is also a 
tendency for the shell to bow between supporting 
tires; this bowing may be upwards or downwards 
depending on the position of the weight forces and 
the supports. The extent of the deviations from the 
ideal kiln shape was investigated. 

Observations described in this paper were made 
on the shell of the clinkering zone between the first 
and second tires of two of the kilns at the Geelong 
works of Australian Portland Cement Pty. Ltd. The 
kilns were both 400 ft long and 10 ft diam with a 
welded enlarged burning zone 11 ft 6 in. diam. The 
shell was fabricated from mild steel and in this 
section its thickness was 1 in. It was lined with 414 
in. of chemically bonded magnesite-chrome bricks 
which were jointed with mild steel plates. The kilns 
operate on a 4 pct slope and the speed may be varied 
between 0.75 and 1.68 rpm. The wet process is used; 
kilns are coal fired and are fitted with integral cool- 
ers. Temperatures within the kiln are difficult to 
determine with any accuracy because of the absence 
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Fig. 1—Apparatus used for measuring horizontal diameters. 


of black body conditions, but surface temperatures 
are probably in the range 1420° to 1470°C. Average 
shell temperatures at the two positions at which the 
deformation studies were made were 370°C and 
355°C respectively. 

Methods: In determining the ellipticity it was 
necessary to measure the lengths of the vertical and 
horizontal diameters while the kiln was in opera- 
tion; data obtained from a stationary kiln would 
not have the same practical significance. For this 
purpose the four points V, W, X, and Y at the ends 
of two mutually perpendicular diameters were 
marked on one kiln. The point X is shown in Fig. 1. 

For the measurement of the length of the vertical 
diameter a vertical column, to which a horizontally 
aligned telescope was attached, was placed 10 ft 
from the kiln. The telescope could be racked up 
and down in a vertical plane. Two sets of readings 
were taken, one set when each of the points V, W, 
X, and Y was at its maximum height above the 
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ground and the other set when each point was near- 
est the ground. The vertical distance corresponding 
to a particular diameter was read directly, but be- 
cause the axis of the kiln was inclined to the hori- 
zontal, a correction had to be made to calculate the 
true diameter. 

On each side of the kiln a device for measuring 
the horizontal diameter was erected. One of the two 
devices may be seen in Figs. 1 and 2. A plumb bob 
and measuring arm were attached to the structure. 
The measuring arm carried a fixed ruler and was 
hollowed out to receive a spring-loaded shaft upon 
which a pointer was mounted. The shaft made con- 
tact with the kiln by means of a small wheel: as the 
kiln rotated the pointer moved back and forth along 
the ruler. 

Distance between the plumb lines of the two de- 
vices was measured directly and served as a datum. 
Distance between the plumb line and the kiln sur- 
face at any instant was calculated from ruler read- 
ings of the plumb line and the pointer, the fixed 
distance of the pointer from the kiln being known. 
Thus the length of the horizontal diameter could be 
calculated from readings taken as each of the four 
marked points passed the contact wheels on the side 
of the kiln. 

Because of high air temperatures in the vicinity 
of the measuring devices the readings were made 
by means of a theodolite placed in an appropriate 
position about 15 ft from the measuring device. The 
shafts were in such a position that the point of con- 
tact of the wheels coincided with the point of contact 
of a vertical tangent to the kiln. 

Measurements to determine the amount of bow- 
ing were made on the two kilns while they were 
stationary. This was necessary because the kilns 
oscillated in a vertical plane while they were rotat- 
ing. It would be extremely difficult to obtain the 
number of simultaneous readings necessary to give 
an accurate picture of the outline of a kiln under 
these conditions. 

A theodolite, placed under the lowest point of the 
kiln just past the second tire, was sighted along the 
line of the kiln towards the first tire. Vertical dis- 
tance from this line to the lowest point of the kiln 
was read off on a ruler. 


Results 

Deformation of the Cross-Section: Measurements 
of the lengths of two mutually perpendicular diam- 
eters were made on one of the kilns over a period 
of several months. These readings were taken in the 
following positions between the first and second 
tires, which were approximately 58 ft apart: 1—14 
ft from the first tire on the unmodified shell (points 
V, W, X, and Y); 2—at position 1 after a stiffening 
ring had been mounted 15 ft from the first tire; 
3—7 ft 6 in. from the stiffening ring towards the 
second tire (points A, B, C, and D); and 4—at posi- 
tion 3 after a second stiffening ring had been 
mounted 30 ft from the first tire. 

These positions were chosen to determine the in- 
fluence of stiffening rings on the rigidity of cross- 
sections near them and at a position midway be- 
tween two of them. 

Differences in the length of a given diameter 
when horizontal and when vertical were taken as 
a measure of the deformation of the shell. In gen- 
eral little day to day fluctuation of the amount of 
deformation occurred; 1/16 in. was the maximum 
observed. Over a period of several weeks the amount 
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of deformation fluctuated according to conditions 
within the kiln; the maximum observed change of 
deformation was 4% in. These observations indicated 
that during a particular run of the kiln, increases 
and decreases of the amount of deformation occurred 
and the cross-sectional shape varied accordingly. 


Table |. Cross-Sectional Deformation 


Differences in Inches Between Length of Diameter When 
Horizontal and Vertical 


1 2 3 4 
VW 


Position on 
kiln diameter 


Deformation, max. 16/32 20/32 2/32 2/32 13/32 12/32 12/32 10/32 
Deformation, min. 12/32 12/32 nil nil 8/32 8/32 8/32 17/32 


Change of 
deformation 4/32 8/32 2/32 2/32 5/32 4/32 4/32 3/32 


Eccentricity of Rotation 
Horizontal Diameters of Paths Described by V, W, X and Y¥ 


Diameter VW Vw XX NOG Vw »-O4 
Length, 
ft and 
in. 11-871/32 11-828/32 11-91/32 11-95/32 11-878/32 11-93/32 


The extent of the distortion of the kiln is shown 
in Table I where the maximum and minimum ob- 
served difference between the length of a marked 
diameter when horizontal and vertical are shown; 
the horizontal length was always the greater one. 

The second section of Table I (Eccentricity of 
Rotation) has been compiled to show that the diam- 
eters of the paths described by the marked points 
V, W, X, and Y are not the same, indicating that the 
rotation of the kiln is eccentric. The horizontal 


diameters VW, XY measured at the same time are 
given for comparison. 

Some of the unmarked points intermediate in posi- 
tion between V,W, etc. apparently suffered a greater 
eccentricity of movement. On the occasion that the 
figures in the section of Table I were recorded, the 
maximum movement of one of the pointers along 


Fig. 2—Measuring arm'and spring-loaded shaft. 
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Fig. 3—Upward bowing of kilns between first and second tire. 


the length of a ruler during one revolution was 
¥ in. Telescope readings indicated that a compar- 
able movement occurred in the vertical direction. 
Further eccentricity of rotation was revealed on 
other occasions by a study of the distances through 
which the pointers on each side of the kiln moved. 
The maximum difference between these distances 
was observed to occur when the lateral displace- 
ment was 1% and 1 in. respectively. Another source 
of stressing of the lining was seen to occur during 
relining of a portion of the kiln. A jack placed in 
position near the measuring device was tightened 
to hold the bricks in place before the kiln was 
rotated slightly and the horizontal diameter was 
seen to increase by ¥%4 in. 

Determination of Bowing: Measurements were 
taken every 3 ft on the two kilns while they were 
stationary. These kilns were fitted with integral 
coolers. Fig. 3 gives a picture of the shape of each 
kiln and indicates that there was an upward bow- 
ing of the kiln which reached a maximum of about 
34 in. approximately 18 ft past the first tire. 


Discussion 

The weight of the kiln and its contents is carried 
on a series of supporting rollers. Because of the 
presence of reaction forces here, the shape of the 
shell is probably more irregular in a cross-section 
near these supports than elsewhere, and it ap- 
proaches more nearly to an elliptical shape as the 
distance from the rollers increases. 

The figures presented in Table I, first section, in- 
dicate that in position 1 where the maximum dis- 
tortion in these tests was met, the horizontal diam- 
eter was observed to be longer than the vertical by 
amounts ranging from % to 5% in. and that the kiln 
was held more closely to a truly circular shape 
while hot in the vicinity of the test marks after a 
stiffening ring had been mounted. As the life of the 
refractory lining is known to have increased after 
the installation of stiffening rings spaced 15 ft apart 
between the first and second tires, the influence of 
these rings apparently extended beyond the position 
at which readings 1 and 2 were taken. Readings 
taken at 3 and 4 indicated that while the maximum 
deformation had become smaller, possibly due to 
the presence of the first stiffening ring and the dis- 
tance from a supporting roller, it was approximately 
the same after the installation of the second ring. 

The operating staff believes that the fitting of the 
rings to each kiln has played a part in appreciably 
increasing the life of the refractory, which in one 
kiln now averages 140 days in the section where 
conditions are most severe, and a little less in the 
kiln on which this study was made. 

Only small variations in the deformation were 
observed on consecutive days. This is to be ex- 
pected, as the amount of change is attributed to 
differences in the temperature of the shell, thickness 
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of clinker coating, formation of rings within the 
kiln, and variations of load. Changes in these vari- 
ables would normally be slow and their influence 
felt over longer periods. 

The sidewise displacement of the kiln as indi- 
cated by the movement of the pointers showed that 
the rotation of the kilns was slightly eccentric. From 
this, and from the tendency of the kiln to deviate 
from a circular cross-section, it would be expected 
that uneven stressing of the kiln and its supports 
would result and that this state would vary with 
the rotation of the kiln. 

During each revolution of the kiln, the shell and 
the lining were subjected to an ever-changing stress 
which was shown by the lengthening and shorten- 
ing of any diameter. The joints between the bricks 
when at the top and bottom of the cycle tend to 
open at their inner edges and open at their outer 
edges when at the ends of a horizontal diameter. 
The elastic deformation of the bricks is, in general, 
large enough to accommodate this type of stress, but 
continuous cyclic stressing is undoubtedly one of the 
factors leading to ultimate breakdown of the brick. 

Bowing of the kiln is upward, not downward, 
between the first and second tires. This is due to 
the lever action of about 24 ft of the kiln weighing 
120 tons, which overhangs the first tire and carries 
integral coolers. Because of its weight and the weight 
of its contents, it is probable that the kiln sags 
downward between supports further up the kiln. 


Conclusions 

The rotary kiln is subjected to various mechan- 
ical stresses that result in distortion of its steel 
shell and refractory lining. Tests carried out dur- 
ing operation of the kiln indicate that stiffening 
rings mounted on its shell keep the hot kiln circular 
in their vicinity and that the life of the refractory 
lining has been increased as a result. If the rings 
were placed at closer intervals, even better results 
might be achieved. 

Elimination of the bowing of the kiln would also 
relieve some of the stress in the region where the 
life of the refractory is shortest. The maximum life 
possible for any particular lining could only be ex- 
pected with a completely rigid kiln and constant 
operating conditions. 
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The Circular Line Electrode In 
Equipotential Prospecting 


by Lloyal O. Bacon 


ie the spring of 1952 Calumet and Hecla Inc. be- 
a gana geophysical program near Shullsburg, Wis., 
in the Wisconsin-Illinois lead-zinc district, to assist 
the geological and drilling exploration programs. 

Sphalerite, the ore mineral in this area, occurs 
with a considerable amount of marcasite. In general 
the higher the percentage of sphalerite in the ore, 
the higher the percentage of marcasite; however, 
there may be mineralized zones high in marcasite 
but low in sphalerite. Orebodies in general are rela- 
tively narrow and elongated. 

Reconnaissance exploration of virgin areas con- 
sisted of drilling along lines at 500 to 1000-ft in- 
tervals. Whenever a mineralized zone was inter- 
sected additional drilling was done to determine 
whether or not the zone carried zinc percentages of 
ore grade and, if so, to delineate the body. 

Calumet and Hecla Inc. was interested particu- 
larly in a method that would show the direction and 
position in which to drill from the original dis- 
covery hole. This suggested a method of contacting 
the orebody, which occurs at depths ranging from 
100 to 200 ft, with one electrode. After a number of 
procedures had been considered it was decided to 
use equipotential line methods. 

Instrumentation and Field Procedure: The power 
source used was a 400-cycle Signal Corps motor- 
generator having a rated output of 1200 w at 115 v. 
The detection unit consisted of test probes, a two- 
stage amplifier, and head phones for determining 
the equipotential line by audio null. 

Field procedure consisted of contacting the sulfide 
body in the hole by a specially built spring-loaded 
expanding electrode which would be lowered into 
the hole, in the closed position, until it reached the 
mineralized zone. At that point the mechanism was 
released so that the arms would make contact with 
the walls of the hole in the same manner that a 
well-bore caliper does. This electrode was then con- 
nected to the generator, the other terminal of which 
was connected to the surface electrode. The surface 
electrode was either a point, a straight line, or a 
circular line electrode. 

The point surface electrode was placed at a con- 
siderable distance from the hole, that is, 2500 to 
5000 ft, depending somewhat upon the depth to the 
sulfide zone and the distance from the hole contain- 
ing the subsurface electrode to which exploration 
was considered. A higher voltage output from the 
power source would have been desirable, although 
“no difficulty was encountered in determining null 
points to a distance of 500 ft. 

Straight line electrodes used were approximately 
1000 ft in length at a distance of approximately 1000 
ft from the hole containing the subsurface electrode. 
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Fig. 1—Variation of factor C, with distance from center of 
line electrode. 


The circular line electrode used consisted of 4400 
ft of bare No. 10 copper wire, which provided a 
circle of 700-ft radius. All line electrodes were 
fastened to the ground at 20-ft intervals with cop- 
per staples 4 in. long. Equipotential points were 
determined at 25 to 100-ft intervals. Location of the 
points was made by plane table and stadia. In open 
country with a three-man crew, the points were 
plotted as they were determined. With a two-man 
crew, pegs were placed at equal potential points and 
surveyed in after several equipotential lines were 
determined. 

Although interpretation of results given in this 
paper is qualitative, the paper as a whole would not 
be complete without a discussion of the theoretical 
distribution of potential due to a circular line elec- 
trode. The theoretical distribution would be re- 
quired if a quantitative interpretation of the meas- 
ured potential distribution were to be made. 

The theoretical potential distribution due to a 
circular line electrode can be obtained by means of 
Legendre polynomials. Using the method as de- 
veloped by Weber,* the potential for a circular line 
electrode in a semi-infinite, homogeneous, isotropic 
medium can be expressed, using the spherical co- 
ordinate system, as: 


N=0 


pl r | 
Veo = —}P,(cos 0) P,(cosa) |r<R [1] 
n=0 R ( ) ( ) 
or 
I R n+l 
P,,(cos 0) P,,(cos «) |ror [2] 
27R dfs 
where: 


6 is the angle at the origin, taken on the axis of 
the circular electrode between the axis and the 
line drawn to the circumference of the circular 
electrode. 

a is the angle between the axis and the radius, r. 
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Fig. 2—Equipotential survey, Hendrickson orebody, southwest 
Wisconsin. Point electrode: location DH 335, depth 160 ft. 
Line electrode: location 690 ft from DH 335, length 1000 ft. 


r is the radius from origin to point in question. 

R is radius of circular electrode. 

p is resistivity of the semi-infinite medium. 

P,, is Legendre polynomial of the first kind. 

V is the potential. 

I is the current. 

If the origin is taken at the center of the circular 
electrode, @ becomes 7/2; and since only the evalua- 
tion of the integral in the plane of the circular elec- 
trode is of interest here, a is also 7/2. Eqs. 1 and 2 


reduce to: 
Vq =—— — P,,(cos 7/2)}* | r<R 3 
(r) R { ( )} [ ] 
and 
Von = [= (=) {P,,(cos T>R [4] 
27R n=0 


The potential at a point due to a circular electrode 
in a semi-infinite, homogeneous, isotropic medium 
can thus be expressed as: 


pl 

where C, is a factor dependent upon the radial dis- 
tance, 7, from the center of the circular electrode of 
radius R. 

Fig. 1 shows the variation of the factor C, with 
radial distance from the center of the circular elec- 
trode. The factor varies from 1 at the center of the 
circular electrode to about 1.5 at the radius of the 
circular electrode, thence dropping very rapidly out- 
side the circular electrode, approaching zero asymp- 
totically. 

The potential at the surface for a point electrode 
at a depth z in an infinite, homogeneous, isotropic 


Vin 
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medium is: 
pl 


where: 

p is resistivity of the medium. 

I is the current. 

z is depth of electrode below the surface. 

r is radial distance to the point in question on the 

surface. 

The potential at any two points, P, and P., on the 
surface due to both the circular line electrode and 
the subsurface electrode is given by: 


pl | (Gre, 1 | 
== 

aa R V2 

| 

Qa R + 


Thus the potential difference between two points, 
P, and P., on the surface due to the subsurface point 
electrode and the surface line electrode is: 


pl 1 


R 
and the resistivity 
V [ Cyr — Cre i 1 
P= 27 — a= 

R Ve + 


I 

The potential lines would be circles both inside 
and outside the circular electrode, and the theory 
predicts that measurements can be made up to the 
radius of the electrode. Measurements very near the 
line electrode are not practical, since the circular 
electrode does not make uniform contact with the 
surface along its entire circumference; instead con- 
tact is made at intervals along the circumference. 
It is believed that 0.9 radial distance is about the 
limit for practical use. 


Results of the Geophysical Survey 

In general the results obtained from the use of a 
point surface electrode in conjunction with the sub- 
surface electrode were inconclusive, as no inter- 
pretable results were obtained on the one area in 
which the method was used. 

Results obtained with the straight line surface 
electrode were difficult to interpret. Representative 
samples of the results obtained at the Hendrickson 
orebody are shown in Figs. 2 and 3. In Fig. 2 the 
line electrode lies in a north-south direction to the 
west of the known orebody. The equipotential lines, 
especially the two lines farthest west, indicate the 
presence of a conductive zone, which is the orebody, 
but give little indication of any extensions or varia- 
tions from the main conductive zone. Fig. 3 shows 
the results obtained when the line electrode was 
oriented in a nearly east-west direction to the north 
of the known orebody. Little variation of the equi- 
potential lines occurs, although there is some varia- 
tion to the north of drillhole 346. Interpretation of 
Figs. 2 and 3 would have been simplified if the equi- 
potential lines had been extended and if the theo- 
retical distribution of equipotential lines, for homo- 
geneous ground and the electrode configuration used, 
were superimposed on them. 

Results of the circular line electrode at the Hend- 
rickson orebody are shown in Figs, 4 and 5. Fig. 4 
shows the equipotential results for the case in which 
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the circular line electrode is not concentric with the 
hole that contains the subsurface electrode. In this 
case the line electrode is concentric with drillhole 
352, but the subsurface electrode is in drillhole 335 
about 200 ft to the southeast. The theoretical equi- 
potential lines would not be concentric circles in 
this situation. Results indicate a fairly large con- 
ductive zone in the northeast portion of the area as 
well as a smaller and narrower conductive zone 
nearly due west of the center of the area. ie, 5 
shows the results obtained when the subsurface 
electrode was put in drillhole 352 at the center of 
the circular line electrode. The anomalous areas are 
more clearly indicated in this figure and are easier 
to interpret, since the theoretical equipotential lines 
would be concentric circles. On the basis of this 
work two drillholes were recommended, one in the 
northeast portion of the area and the other in the 
west central portion of the area. These locations are 
shown in Fig. 5 as drillholes, DH. The hole in the 
northeast portion of the area was drilled and en- 
countered a zone of marcasite containing sufficient 
zinc to be of ore grade. Additional drilling added a 
considerable tonnage of ore to the known reserves 
of this mine. 

Results of the use of the circular line electrode in 
the Northwest Linden area are shown in Fig. 6. The 
ore zone here was at a depth of about 100 ft. The 
conductive zone is readily interpretable. An indi- 
cation of the narrowness of the conductive zone is 
the fact that the sulfide contact passes between 
drillholes DH20 and DH21. 

There are certain limitations as well as advan- 
tages in using the circular line electrode, and al- 
though quantitative interpretative methods were 
not applied, it should not be too difficult a procedure. 

Limitations of the Circular Line Electrode: If the 
country is wooded, the time required to lay out the 
circular line electrode and map equipotential lines 
becomes excessive. There are also limitations com- 
mon to other equipotential methods: 

1) Little variation in equipotential lines is ob- 
tained at radii less than the order of depth of the 
subsurface electrode. This is due to the fact that a 
horizontal conductive body would have little effect 
on the potential distribution at the surface directly 
above the electrode. 

2) Equipotential lines are distorted in the vicinity 
of the circular line electrode owing to geometry of 
the earth-electrode contacts. 

3) The equipotential null point is difficult if not 
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Fig. 3—Equipotential survey, Hendrickson orebody. Point 
electrode: location DH 351, depth 140 ft. Line electrode: 
location 1200 ft from DH 351, length 1200 ft.. 


impossible to obtain when a highly conductive sur- 
face layer such as shale exists. 

Advantages of the Circular Line Electrode: Among 
the advantages of the circular line electrode given 
below the first is of particular importance: 

1) For homogeneous ground equipotential lines 
would be circles; thus any deviation from a circle 
is an indication of nonhomogeneity. This results in 
ease of interpretation. 

2) Quantitative information can be obtained by 
measuring the actual difference of potential between 
equipotential lines, calculating the theoretical dis- 
tribution of the potential at the surface of the 
ground, and then subtracting the theoretical poten- 
tial from the observed potential. Resistivity values 
can also be calculated for the case of homogeneous 
ground. 
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Fig. 4 (left)—Equipotential survey, Hendrickson orebody. Point electrode: location DH 335, depth 165 ft. Circular electrode: 
center DH 352, radius 700 ft. Fig. 5 (center)—Equipotential survey, Hendrickson orebody. Point electrode: location DH 352, 
depth 165 ft. Circular electrode: center DH 352, radius 700 ft. Fig. 6 (right)—Equipotential survey, Northwest Linden area, 
southwest Wisconsin. Point electrode: location DH 9, depth 105 ft. Circular electrode: center DH 9, radius 700 ft. 
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3) A check on the accuracy of equipotential 
determinations can readily be made by returning 
to the starting point. 
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Discussion 


The Circular Line Electrode in Equipotential Prospecting 


by Robert G. Van Nostrand 


In view of the apparent success which Professor 
Bacon has reported in using circular electrodes to 
detect the trend of sulphide ores, I would like to bring 
attention to an additional technique that should be 
compared critically with his. The work, upon which 
this report is based, was done in 1948 by F. C. Farnham 
and by me for the U. S. Geological Survey in close 
cooperation with Calumet and Hecla in the section of 
Wisconsin where Professor Bacon’s work was done. 
Details of the method and the results have previously 
been published in 1949 as part of my Master’s thesis at 
the Missouri School of Mines. 

The technique we used was to place one current 
electrode at the top of the core hole and the second 
current electrode at various depths in the hole. The 
range of depths included the pay zone. Potential elec- 
trodes were then placed at a distance from the hole 
equal to about 1.5 times the depth of the ore, in each of 
the eight cardinal directions. In the present case, the 
depth of the ore was between 250 and 300 ft, so the 
potential electrode distance was chosen to be 400 ft. 
A ninth potential electrode was placed 1500 ft from the 
hole in some random direction. For a fixed position of 
the down hole current electrode, a current was passed 
through the current electrodes and the potential was 
measured at each of the eight potential electrodes with 
respect to the ninth electrode, on the assumption that 
the potential of the latter electrode remained constant 
throughout the experiment. The down hole electrode 
was then moved to a different position and the experi- 
ment was repeated. 

It was expected that as the down hole electrode was 
drawn up through the mineralized zone the changes in 
potential at points in the direction of the trend of the 
mineralized zone would be less than the changes in 
potential at other points. Four drillholes were used in 
these preliminary experiments, three in which there 
was extensive mineralization including ore and one in 
which practically no mineralization was found. In the 
nonmineralized hole there was no observable effect. In 
the first mineralized hole there was a very pronounced 
effect which led to the successful prediction that the 
ore trend, which was being followed cross-country by 
a line of holes, terminated near that hole. The second 
and third mineralized holes were adjacent holes in a 
single line that cut across the mineralized zone. Al- 
though the effect was not so evident in these holes, it 
was strong enough to justify predictions at to the trend 
of the ore. This drilling project, which was being car- 
ried on by Vinegar Hill Zinc Co., was not completed 
while we were still there and our predictions were 
never verified nor refuted. 

I would like to point out that theory indicates that 
the potential should be lower in the directions in which 
the ore trends. However, our experiments showed that 
near surface effects, such as marshy ground, com- 
pletely masked any reduction in potential which may 
have been associated with the ore. The technique de- 
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scribed herein was devised to circumvent the undesir- 
able effects of near surface inhomogeneities. 

If in comparative tests it can be shown that the 
above technique has the same resolving capacity as the 
preferred technique of Professor Bacon, it is obvious 
that it offers the advantage of simplicity and ease of 
application. It is considerably easier to lay out eight 
radial lines from the hole than to survey the line for 
the circular electrode required in Professor Bacon’s 
method. Moreover, it should be noted that we did not 
find any necessity for using special current electrodes 
in the hole; a steel stake hung at the end of an in- 
sulated cable was sufficient. The potential electrodes 
consisted of nonpolarizing porous pots. A direct current 
was used and measurements were made with potentio- 
meters. 


L. O. Bacon (author’s reply)—My first approach to 
the exploration problem in southwest Wisconsin was 
to use a subsurface current electrode with the surface 
current electrode attached to the casing of the hole. 
Since the casing was short, it effectively was similar to 
Mr. Van Nostrand’s current electrode at the top of the 
core hole. Equipotential lines were investigated out to 
a radius of approximately 400 ft from the bore hole. 
This is effectively the same configuration Mr. Van 
Nostrand used except that we maintained the subsur- 
face electrode at a constant position and did not deter- 
mine the change in potential with change in position of 
the subsurface electrode. Our results using the above 
technique were not very good. One indication of a con- 
ductive zone was interpreted from the data but did 
not coincide with the known zone of mineralization, 
nor did the data indicate this zone. Unfortunately we 
did not obtain data using the circular line electrode at 
that particular location, so no direct comparison is 
available. 

Iam slightly perturbed by Mr. Van Nostrand’s state- 
ment that with his technique the effect obtained in the 
first mineralized hole led to the successful prediction 
that the ore trend terminated near that hole—in view 
of the last sentence in the same paragraph which states, 
“This drilling project ... was not completed while we 
were still there and our predictions were never veri- 
fied nor refuted.” 

We did not find it necessary to use a special current 
electrode, but merely devised one that would be ade- 
quate before beginning work, thus eliminating the 
necessity of determining this factor. I also pointed out 
in my paper that under certain conditions the circular 
line electrode was extremely time-consuming; how- 
ever, with its use much more data is obtained, and this 
extra information is often the key to the problem. 
Whether or not one method is superior to the other 
remains to be proved. In conclusion, I concur that 
theory indicates that the potential is lower in the 
direction that ore trends and that this is true in prac- 
tice is shown by Mr. Van Nostrand’s work and mine. 
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The Gravity Meter in Underground Prospecting 


For the past six years gravity meter surveys have been used for 
underground prospecting. Evaluation of results indicates definite 
potentialities under proper conditions. Equipment, procedures, 
and methods of handling data are described. 


by William Allen, Jr. 


BEE the past six years gravity surveys have been 
used for underground prospecting in the copper 
mines at Bisbee, Ariz. 

The primary purpose of the surveys has been to 
reduce the diamond drilling and crosscutting neces- 
sary for exploration. Since many of the orebodies 
are small, and geologic control is not always ap- 
parent, any information that will direct the drilling 
and crosscutting is highly desirable. 

Because of extensive development and explora- 
tion work in the copper mines at Bisbee, it has been 
possible to cover more than 630,000 ft of crosscuts 
on 30 levels with the gravity surveys. In the process 
the gravity procedures have been refined to a high 
degree. 

Density Contrast: For a gravity survey to be suc- 
cessful, a sufficient density contrast must exist be- 
tween the geologic feature sought and surrounding 
host rocks. Most mineralized areas will provide this 
contrast if fairly massive bodies are present. 

In the Bisbee area the entire sequence of forma- 
tions, except for alluvium, appears to have specific 
gravities ranging from 2.65 to 2.70. These values 
have been determined by means of a large number 
of cut samples and diamond drill cores. As a further 
check, vertical gravity differences have been used 
where nonmineralized sections are known to occur.’ 

The only known major gravity disturbances re- 
sult from mineralization that has increased the 
density and the voids that have decreased density. 
The voids are caused by mining operations and by 
underground water movement that has developed 
several areas of caverns. 

Equipment: While not absolutely essential, a small 
rugged gravity meter, such as the Worden meter, 
is highly desirable. A tall tripod, about the height 
of a transit tripod, permits instrument set-ups in 
deep water and in locations where fallen timber and 
muck piles make it impossible to use a short tripod. 
An additional advantage of a tall tripod is that it 
places the meter in the center of the crosscut, re- 
ducing the error caused by the crosscut void. 


W. ALLEN, JR., is Research Engineer, Phelps Dodge Corp., 
Douglas, Ariz. 

Discussion of this paper, TP 4212L, may be sent (2 copies) to 
AIME before May 31, 1956. Manuscript, April 24, 1955. Chicago 
Meeting, February 1955. 
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Size and weight are important, since the only sat- 
isfactory means of operating the meter underground 
is to carry it by hand. A backpack can be used in 
rare instances but is usually a hindrance because of 
the close station spacing. The operator’s ability to 
move through tight clearances will improve survey 
coverage, as it is then possible to move through 
raises and caved areas and to pass mine cars and 
machinery with a minimum of trouble. 

Station Control: Gravity stations are normally 
located every 100 ft along the crosscuts, at each 
intersection, and in the face of all stub crosscuts. In 
areas of high gravity relief, or where small anoma- 
lies might be expected, stations may be located at 
25 or 50-ft intervals. When possible, the stations 
should be offset to avoid effects of raises or other 
voids. The gravity stations on a level are tied to 
one or more base stations, which are usually located 
at the shaft or near the portal of an adit. 

The base stations may be part of a gravity control 
net that extends to each level in the mine as well 
as to the surface. Such a net extending throughout 
the potential area of the surveys is highly desirable, 
as it is then possible to compare all gravity stations 
on a uniform basis. The stations that are part of the 
base net should be carefully established by mul- 
tiple readings and, if necessary, by a least squares 
adjustment of the loops. 

In some instances where levels do not have a 
shaft station, or where access may be blocked by 
caving, it may be necessary to establish secondary 
bases at the top and bottom of the raises that are 
between levels. 

Under fair conditions 70 to 90 gravity stations 
can be located and run in 6 hr by a two-man crew. 
The best field procedures depend on conditions. 

Reduction of Field Data: Most of the time re- 
quired to produce a final gravity map is consumed 
in processing the data. Each meter reading must 
be corrected for a minimum of five factors that 
affect the gravity value in addition to the density 
contrast being sought. These factors are 1) instru- 
mental drift, 2) station elevation, 3) topography, 
4) latitude, and 5) regional gravity gradient. 

Mine openings, such as stopes and raises, will 
affect the value. However, it is seldom practical to 
make corrections for these voids. Usually a rotation 
is made on the field note on the station, and any 
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grades have been maintained, 
this presents no special prob- 
lem. It is usually not neces- 
sary to correct for the actual 
height of the gravity meter 
above the track, since only a 
minor error is introduced in 
q the final results. This error is 
essentially uniform for all 
stations. 

Topographic correction is 
by far the most time-con- 
suming and laborious part of 
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the entire gravity survey. A 
greatly expanded version of 
Hammer’s tables” is used for 
corrections, which are made 
for all topography out to a 
radius of 65,150 ft around 
each station. In practice it has 
not been found necessary to 
correct each gravity station 
directly. It is quite feasible 
to use a contour map of the 
topographic correction pre- 
pared from grid points at 
which the correction has been 
determined. In general, the 
deeper the level the more uni- 
form the correction. Extreme 
care must be used in apply- 
ing this method to shallow 
levels, especially if the topo- 
graphy has high relief im- 
mediately above the level. In 
some instances each station 
must be corrected. 

To prepare an adequate 
topographic correction for an 
area, a good topographic map 
is essential. Most U.S. Geo- 
logical Survey maps are sat- 
isfactory for the purpose, 
especially if they are enlarged 
four or five times. Lack of a 
good map often makes a sat- 
isfactory gravity survey im- 
possible. 

The latitude correction, 
which accounts for flattening 
of the earth at the poles, is 
generally uniform over small 


Fig. I—A portion of a typical underground residual gravity contour map, 10th 
level. For clarity the contour interval has been increased and stations and shorter 
crosscuts omitted. The approximate center of the mineralization on this level falls 
within the 108 contour. The negative closure near the center of the map is caused 
by a small elongated body above the level. A small mass of sulfides on and 
directly below the level causes the small closure at the lower right. 


areas.” 


The regional gravity cor- 
rection is used primarily to 
eliminate any gradients oc- 
curring uniformly through- 


anomaly is considered with the extraneous effects 
in mind. 

The drift correction is a simple linear correction to 
account for variations in the base readings. Except 
for minor tidal changes these variations are caused 
by mechanical changes in the meter system. 


A major problem in any gravity survey is to ob- 
tain the elevation of each station. In a well surveyed 
mine it is practical to use the elevation of the track 
at each location in lieu of actually running levels. 
It will be necessary to interpolate elevations be- 
tween the points that are actually known, but if 
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out the survey area. Removal 
of the gradient will accentuate the smaller anomalies 
and flatten nonanomalous sections. 


The second-derivative methods used on the sur- 
face are not practical underground because of irregu- 
lar station locations and lack of broad coverage. 

There is definite indication that it is not always 
desirable to remove a regional gradient, which is 
often associated with district-wide structures and is 
therefore of interest. 

Presentation of Data: Final presentation of the 
gravity data can be handled in three ways. First, 
and least useful, is the gravity profile. This method 
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Fig. 2—Gravity section along AA’ in Fig. 1. The top of the mineralization is approximately between levels 11 and 12. The rake is 
to the right and into the figure. Lower and lateral limits are not established. 


is best used in long crosscuts where very little 
gravity control is available to either side. 

The second method is the gravity contour map as 
shown in Fig. 1. The contour interval that has been 
found best for underground work is 0.1 milligal or 
1 gravity unit. Contouring is sometimes difficult 
because of a lack of proper control, but most anom- 
alies show in one form or another. There has been 
some question as to the advisability of extending 
gravity contours over distances up to 500 ft or more 
between control points; however, experience indi- 
cates that very little error occurs, especially after 
there is some knowledge of the gravity trend in an 
area. Small anomalies will be missed in such areas. 

The third method of presentation is presently 
feasible only in underground work. This consists of 
a gravity contour section through the mine area, 
Fig. 2. Used in conjunction with the contour map, 
the gravity section makes available a three-dimen- 
sional gravity map of the mine. It is quite feasible 
and often very informative to prepare a model of 
the mine with gravity contours superimposed on the 
levels. While there is not sufficient information for 
full evaluation, it appears possible to project trends 
of mineralization as well as general upper and lower 
limits. This would obviously be of great value. 

When a borehole gravity meter is developed, the 
gravity section should be easily adaptable to both 
petroleum exploration and mining exploration in 
which large diameter holes are used.” 

Interpretation: A major advantage of the gravity 
survey over other geophysical methods in under- 
ground work is that any anomaly can be attributed 
to only two factors—an increase or decrease in mass. 
This may be contrasted to other methods where 
anomalies are often caused by some factor totally 
unrelated to mineralization. 
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There are two types of gravity anomalies under- 
ground, the gravity high and the gravity low. 

The high can be attributed either to a center of 
mass below the level or to a lack of mass above the 
level. If densities are uniform, the mass below the 
level must of necessity be caused by mineralization, 
while a lack of mass above the level may be due to 
stoping, gossen zones, or caverns. 

The gravity low is the converse of the gravity 
high. 

It is absolutely essential that any gravity inter- 
pretation be closely correlated with known geology 
and known stoping if correct evaluation is to be 
made. 

Disadvantages: The major disadvantage of under- 
ground gravity surveys is poor lateral control. It is 
easy to miss a small sulfide mass located within 20 
or 30 ft of a crosscut, if it is on or near the level 
of the survey. When it is possible to prepare gravity 
sections, lateral control can often be improved. 

Many gravity anomalies cannot be resolved. In 
most cases this is due to insufficient geologic infor- 
mation. In such instances, if the anomaly appears 
to warrant it, recommendations must be based on 
the geophysical information alone. 

Conclusions: Results of the underground gravity 
surveys indicate that excellent data can be obtained 
where there are fairly uniform densities and ade- 
quate coverage. The chief advantages over other 
methods of geophysical prospecting are the greater 
ease in interpretation of data and the lack of inter- 
ference from operations. 
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Genesis of Titaniferous Magnetites and Associated 


Rocks of the Lake Sanford District, New York 


by J. L. Gillson 


| Breer big mass of anorthosite in the Lake Sanford 
district and the bodies of titaniferous magnetite 
that occur in a small area near the south margin of 
the mass have been described repeatedly, and the 
puzzling problems of the genesis of the rocks and 
ores have stimulated the deductive reasoning of 
geologists for a hundred years. Some of these men 
have taken a leading part*” in describing the anor- 
thosite rock and forming hypotheses concerning its 
origin; some have contributed most to the study of 
the ore deposits;”” and some have made classical 
studies***" introducing a basic approach to the 
problems of the anorthosite rock and genesis of the 
titaniferous magnetites. 

Much of the writing on the problems of rock and 
ore genesis has been based on physical-chemical 
reasoning rather than on field and microscope ob- 
servations of the rocks and ores. Most of these 
geologists conclude that the anorthosite was formed 
by true magmatic crystallization, involving previ- 
ous settling or squeezing out of ferromagnesian 
minerals from the parent magma. The associated 
gabbro is a separate segregation or later intrusion, 
and the lighter colored and finer grained facies of 
the anorthosite is either a chilled border zone of 
the anorthosite or the result of granulation by 
crushing of the coarse, dark blue rock of the main 
mass. This blue rock, called the Marcy type, is 
named after the higest peak in the range. The finer 
grained and lighter colored rock is called the White- 
face, after another mountain appropriately named 
for a cliff colored by this facies of the anorthosite. 

In explaining the genesis of the ores the authors 
have reached no general agreement, but all consider 
them to be dominantly the result of magmatic proc- 
esses rather than the result of replacement by pneu- 
matolytic or hydrothermal processes. However, in 
the conclusions of two authors, Osborne” and Ste- 
phenson,” the reader is told positively that the ore 
minerals were introduced after the wall rock was 
solid and also that the oxides are later than the 
silicates. This seems to mean that the ore came in 
as a later intrusion, like a dike, since Osborne 
speaks of filter pressing and later injection of a resi- 
dual magma. Stephenson agrees in general with 
Osborne but disagrees with his conclusion that ore 
does not grade into country rock. Singewald” calls 
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Fig. 1—Quarry showing both faults. At left is post-ore that 
fault displaces; there is no alteration along fault zone. At 
right is pre-ore; the rock is intensively altered along the 
fault. The white is andesine that has replaced the dark 
labradorite. 


in “mineralizers” to participate in magmatic de- 
position. Stephenson ends his paper with a state- 
ment that replacement was the dominant process 
for the introduction of ore with anorthosite. Hence 
both Singewald and Stephenson call on pneumato- 
lytic or hydrothermal processes to supplement 
magmatic crystallization from a silicate melt, but 
they cannot quite bring themselves to state that the 
orebodies formed in that way. In their conclusions 
the ores are still magmatic segregations and mag- 
matic injections and—almost as an afterthought— 
“replacements.” According to Bateman™ there was 
a gravitational accumulation process of the iron 
silicates and oxides, which were injected later. 
Ramberg” explains the ores entirely on physical- 
chemical theory, as does Evrard.” Buddington and 
associates,” in a paper presented to the Geological 
Society of America in 1953, believe the facts ob- 
served prove that the magnetite-ilmenite formed at 
magmatic temperatures. 

The present writer’s conclusions, given here, were 
first presented in 1947 in Industrial Minerals and 
Rocks.* Since the papers of Ramberg, Bateman, and 
Buddington, published after 1947, gave no recogni- 
tion to those conclusions that differ from their own, 
the writer has taken an opportunity to restudy the 
area in the field, and to examine a number of micro- 
scopic sections, and now presents the evidence more 
thoroughly than he had an opportunity to do in the 


TRANSACTIONS AIME 


earlier paper. The accompanying illustrations (Figs. 
1-16) are submitted as evidence for his conclusions. 


Evidence for Pneumatolytic Replacement 


Observations made by the writer are summarized 
under the following headings: 1) localization of 
ore zones, 2) structure, 3) mineralogy, and 4) para- 
genesis. 

Localization of Ore Zones: The orebodies are con- 
fined to a very small area in the south end of the 
anorthosite massif. Although this fact may not be 
convincing as to the mode or origin, it does indi- 
cate that the process of ore deposition was local and 
specific and not a general one with widespread ap- 
plication. 

Structure: Structure was studied by the writer 
only at the largest orebody, that at Sanford Lake, 
which is so well exposed in a large quarry because 
it has been in production since 1942. There are two 
basic features of the structure: 

1) Zones are parallel, trending northeast-south- 
west. There is some evidence that the zones form a 
plunging syncline. The zones of anorthositic wall 
rock, anorthositic ore, gabbro, and gabbroic ore are 
at least partially repeated on an island in Sanford 
Lake. Banding or gneissic structure in the rocks is 
roughly parallel to this trend of the major zones and 
to the axis of the syncline. 

2) Some faults, almost at right angles to these 
northeast-southwest zones, have displaced the zones 
of anorthositic ore, gabbro, and gabbroic ore. As 
shown in Fig. 1, the andesinization of the Marcy 
into a typical Whiteface anorthosite as later de- 
scribed is accentuated along one fault. 

This structural zoning and alteration along fault 
lines has been and can be interpreted in various 
ways. There is no doubt that differential pressure 
was active at one time and that resulting gneissic 
banding controlled in position the later alteration 
of the original rock or rocks into these parallel 
zones. The fault obviously displaced solid rocks, 
and the fact that the mineralogical alteration fol- 
lowed the fault zone indicates that it had not re- 
sulted from differentiation of a liquid magma, but 
came about by metasomatism of a solid or almost 
solid rock. 

Mineralogy: The minerals in the rock and ore are 
not exciting in number or variety. They are labra- 
dorite, andesine, hornblende (with brown to green 


Fig. 2—Massive magnetite-ilmenite ore, retaining original 
gneissic character seen in much of the anorthosite. 
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Fig. 3—Marcy anorthosite with wedge-shaped mass of ore. 

A garnet reaction rim is found along the side of the ore. 
In the block at the left the Marcy anorthosite is crossed by 
a vein of andesine. 


pleochroism), augite, hypersthene, biotite, garnet, 
scapolite, apatite, magnetite, ilmenite, spinel, and 
calcite. 

In this list two minerals, garnet and scapolite, 
stand out, since they are seldom if ever found in 
rocks of simple pyromagmatic origin. To empha- 
size the magmatic origin of the minerals, calcite can 
be ignored and mentioned casually simply as a late 
mineral, possibly due to recent weathering, and the 
abundant apatite can be explained by the proponents 
of magmatic crystallization as having been filter- 
pressed out of the anorthositic magma along with 
the ferromagnesian and oxide minerals. The scapolite 
and garnet, however, never arrived in the rock by 
filter-pressing, for they had been formed after the 
rock was solid, as is shown convincingly in the 
photographs. 

The scapolite, which occurs in the big feldspars, 
formed during andesinization of the feldspars and 
is obviously a replacement mineral. It is widespread 
in the Whiteface type of anorthosite but is not com- 
mon in the gabbro or the ore. The shape of the 
crystals is shown in Fig. 16. 

The garnet is found in many associations. Most 
conspicuously, in megascopic observations it occurs 
as random aggregates, some several inches across, 
although most are smaller. Garnet shows no evi- 
dence of crushing and formed after the differential 
movement was over. In thin sections many of the 
garnets are seen to be in contact with the big feld- 
spars as reaction rims, explained by proponents of 
magmatic differentiation as resulting from reaction 
of the iron-rich magma, squeezed out of the parent 
magma, with the big labradorite crystals floating in 
the still liquid melt. The microscopic evidence, Figs. 
9 and 15, favors the replacement interpretation. 

A few characteristics of the several minerals should 
be noted. The big labradorite crystals owe their 
dark color to a cloud of minute inclusions. Most of 
the inclusions are too small for positive identifica- 
tion, but some are a green pyroxene. Many of the 
big feldspars have been altered by that process 
called saussuritization, which indicates a soaking of 
the rock by hot solutions, since the minerals of 
saussurite are epidote, mica, and chlorite. Most of 
the andesine grains, on the other hand, are clear and 
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Fig. 4—Gabbro with labradorite phenocryst just as seen both 
in Whiteface anorthosite and in ore. 


Fig. 7—Gabbro with cross-cutting band of ore with garnet 
reaction rim between ore and gabbro. There is a crystal of 
labradorite at the point of the pencil. 


Fig. 5—Large labradorite crystal in massive ore. There is a 
garnet reaction rim between the feldspar and the ore. 


Fig. 6—Whiteface anorthosite miles away from the orebody 
shows relic of large labradorite crystal in finer grained, 
fresh, nearly white andesine. (Picture supplied by J. G. 
Broughton.) 


Fig. 8—Block of massive ore, with big crystal of labradorite 


remaining unreplaced. 
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fresh and generally allotriomorphic in shape. A few 
show strain in their extinction positions. 

Many of the big feldspars are crossed by narrow 
veins of the more sodic variety. Some of these veins 
are big enough to see in place with the naked eye 
(Fig. 3). Others are seen only in thin sections. 

; The composition of the ferromagnesian minerals 
is of no special interest, but the crystal shapes are 
noteworthy. According to Bowen’s classic sequence, 
the ferromagnesian minerals should have crystal- 
lized early in these rocks, taking euhedral or sub- 
hedral form, but they are obviously later than the 
feldspar. This conclusion of relative age by shape 
and boundary relationships is based on evidence 
presented 1) in earlier papers” ® by the writer in 
which he gave criteria for deuteric minerals, and 
2) in papers by Newhouse,” ” who has published a 
long study describing replacement shapes and the 
diagnostic characteristics of replacement minerals. 

In 75 to 90 pct of the observations made the mag- 
netite and ilmenite, except in the richest anorthositic 
ore, are confined inside the ferromagnesian min- 
erals (including garnet) and in 50 pct of the obser- 
vations, inside the garnet. These oxides, according 
to Bowen, should have started crystallization very 
early. In the ore they are later than the garnet and 
hypersthene, as shown in Figs. 10 and 11. Since the 
garnet was late and formed by replacement of the 
feldspar, the oxides must also have formed by still 
later replacement in the solid rock. 

Paragenesis: The writer believes that the original 
rock, the Marcy-type anorthosite, composed almost 
exclusively of large crystals of labradorite, was 
soaked with solution first rich in soda and as a re- 
sult much of the original feldspar was replaced by 
andesine. This process he calls andesinization, which 
is similar to the familiar albitization of many gran- 
ites. The Whiteface anorthosite was in turn con- 
verted to a metagabbro by the introduction of iron 
and magnesium, forming the ferromagnesian sili- 
cates. Both gabbro and anorthosite were converted 
to ore by the still later introduction of more iron 
and also titanium, which formed the metallic oxides. 
The most convincing evidence of this parentage of 
Whiteface anorthosite, gabbro, and ore is afforded 
by relics of the big labradorite feldspars found in 
all the other rocks and in both gabbroic and anor- 
thositic ore, see Figs. 4-8. These old feldspar relics 
are in all stages of preservation, from crystals 2 in. 
across or larger to faint remnants now hardly more 
than an outline. They are exceedingly numerous in 
every rock type and can be found during the briefest 
examination of benches in the MacIntyre mine pit. 
It is inexplicable to this writer why they have not 
been mentioned in any previous report, as they 
prove that all the rock types and the ore had a 
common heritage in the Marcy anorthosite itself. 

When the basic fact is recognized that each of the 
rock types has resulted from introduction of new 
minerals into the Marcy anorthosite, it is easy to 
work out the obvious paragenetic sequence of the 
minerals as shown by their boundary relations in 
thin sections. The andesine feldspar replaced the 
labradorite and probably the scapolite was formed 
simultaneously. This andesinization, which was very 
widespread, preceded the introduction of iron, mag- 
nesium, and titanium, possibly by a considerable 
time interval. It occurred through much of the whole 
massif, whereas later changes were more local. 

When the iron and magnesium solutions started 
coming in they were confined to a much more re- 
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Fig. 9—Thin section of anorthositic ore, photographed with- 
out the use of a microscope. Two large crystals of labradorite 
are shown, surrounded by reaction rim of magnetite, garnet, 
and small crystals of andesine. 


Fig. 10—Micrograph of gabbroic ore. Magnetite in hypers- 
thene. The magnetite is obviously later than the silicate. 
Low magnification. 
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Fig. 12—Low grade anorthosite ore. Magnetite is found more 
frequently in garnet than in other silicates. Medium mag- 
nification. 


Fig. 11—Micrograph of Whiteface anorthosite. A section of 
a reaction run between two large labradorite grains. Note 
inclusions in feldspar which give it its dark color. Magnetite 
was formed later than silicates. 


Fig. 13—Micrograph of typical gabbroic ore. Magnetite is Fig. 14—Magnetite reaction rim around a relic of a large 
formed later than the silicates. feldspar. Low magnification. 
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Fig. 15—Gabbro ore. Edge of reaction rim between ore and 


feldspar. Note inclusions in large feldspar which give the 
labradorite its color. Andesine grains in the reaction rim 
are clear. 


stricted zone than the andesinization, and the solu- 
tions followed the gneissic, crushed, and faulted 
zones, yielding a banded zoning of gabbro and ore 
in small, specific localities. 

These later solutions reacted with the older feld- 
spar, with which they were not in chemical equi- 
librium, and formed the reaction rims so character- 
istic of the gabbro and gabbroic ore. The absence 
of crushing of these minerals, as well as the exist- 
ence of the garnet, which is not a stress mineral, 
shows that the differential stress was over. Such 
banding as occurs is pseudomorphic of the original 
gneissic structure. Within the bands the micas and 
hornblendes are not in uniform arrangement as they 
are in gneisses and schists. 

A great increase in iron, magnesium, titanium, 
and phosphorus in the solutions formed the mag- 
netite, ilmenite, apatite, and spinel that are the ore 
minerals. These final solutions did not follow the 
same channels as those preceding them. Hence large 
masses of anorthositic ore formed where magnetite 
replaced Marcy or Whiteface anorthosite in which 
the iron-magnesium silicates had not formed pre- 
viously. In the gabbro these oxides replaced the 
ferromagnesian minerals. As the gabbro is finer 
grained than the anorthosite, the gabbroic ore is 
finer grained than the anorthositic. For some reason 
not readily understood it is also richer in titanium 
than is the anorthositic ore. At the end of the min- 
eralization, calcite was introduced. 


Conclusions 


The processes of granitization, albitization, and 
replacement of older rocks, particularly in the pre- 
Cambrian, is recognized and accepted by scores of 
petrologists.. In this more basic rock, an anorthosite, 
the albitization became andesinization. Later soaking 
by iron-magnesium and titanium solutions formed 
a metagabbro and a titaniferous iron ore locally 
along crushed and faulted zones into which the solu- 
tions had access. 

This study does not reach back to the problem of 
genesis of the Marcy anorthosite. The writer accepts 
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Fig. 16—Whiteface anorthosite. Feldspar partly replaced by 
scapolite. Crossed nicols, moderate magnification. 


it as an already solid rock and advances no ideas 
of its origin. 
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lonic Size in Flotation Collection of Alkali Halides 


by D. W. Fuerstenau and M. C. Fuerstenau 


Studies of the collection of alkali and ammonium halides utilizing vacuum flotation 
techniques and contact angle measurements show that ionic size controls the flotation of 
these halides with amine salts as collector. Contact angles of air bubbles on sylvite in 
saturated brines were measured as a function of such variables as collector addition, 
length of collector chain, and pH of the brine. No contact occurs between halite and 
an air bubble in brines containing dodecylammonium acetate as collector. 


eee Ee aliphatic amine salts have been 
used for the separation of sylvite (KCl) from 
halite (NaCl) by flotation.” * It is puzzling how these 
two minerals, which are so similar chemically and 
crystallographically, can be separated by this meth- 
od. Gaudin® has postulated that the difference in 
floatability of halite and sylvite with salts of pri- 
mary amines depends on ionic size: 


In the case of amine flotation, the cation would 
attach itself to the chloride. I have a speculation 
there, which I cannot prove, that the ammonium 
group, that is the —NH; group in the amine, floats 
potassium chloride because the dimensions of this 
group as it has been measured in other com- 
pounds is almost identically the dimensions of the 
potassium ion, quite different from the sodium ion, 
and so it fits where potassium had been, in place 
of it and not attached to it. 


Apparently, because an aminium ion (RNH,*) is 
much larger than a sodium ion, it cannot fit into the 
lattice of halite. Taggart also has speculated that 
ionic size may control the floatability of sylvite.* 
The object of this experimental investigation has 
been to test this hypothesis and to study what con- 
trols the adsorption of cationic collectors at the 
surface of sylvite. 

Since collection is to be approached from the 
viewpoint of ionic size, the ionic radii that are of 
interest in this work are presented in Table I. The 
values of the ionic radii of the ions listed in Table I, 
except NH,*, are those given by Pauling.’ Several 
different values for the radius of the ammonium ion 
have been given, but that of Goldschmidt® seems to 
be preferred. The radius of the charged head of a 
dodecylammonium ion is assumed to be the same as 
that for the ammonium ion. 

Little experimental work has been reported in the 
technical literature concerning the separation of 
sylvite from halite by flotation. Guyer and Perren 
studied the separation by flotation of 50 pct binary 
mixtures of NaCl, KCl, NH,Cl, NaNO,, KNO,, K.SO, 
and Na.SO, using either oleic acid or a sodium sul- 
fonate as collector.’ 

It is possible to measure floatability under actual 
flotation conditions where all three phases, air- 
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water-mineral, are present by vacuum flotation tests* 
and contact angle measurements.’ Both of these tech- 
niques were used in the experimental approach in 
this paper. 


Experimental Method and Materials 

The vacuum flotation tests were run with glass- 
stoppered pyrex graduated cylinders. Twenty-five 
ml graduates were used to test the floatability of all 
salts studied except rubidium and cesium salts. For 
each test distilled water containing the desired col- 
lector concentration was saturated with the salt to 
be floated. Sufficient salt (—48 mesh) was added to 
leave about 2 ml of solids in the bottom of the grad- 
uate. After the graduate had been agitated several 
minutes to saturate the solution with air, a vacuum 
was applied. If the salt were floatable in the collector 
solution, the gas bubbles attached themselves to the 
particles, and the particles floated to the surface. In 
determining the floatability of the expensive Rb and 
Cs halides, the experiments were run in 10 ml grad- 
uates with about 14% ml of collector solution initially. 

Contact angles were measured in the usual man- 
ner except that the solutions had to be previously 
saturated with the mineral to avoid dissolution of 
the crystal. Solutions for studying contact angles 
were made by adding the desired amount of collec- 
tor to a saturated brine, giving the collector concen- 
tration in molarity. The mixture was agitated until 
dissolution of the collector was complete, with the 


Table |. lonic Radii in Angstrom Units 


Lit 0.60 Mg++ 0.65 i= 1.36 
Nat 0.95 Catt+ 0.99 Cl- 1.81 
K+ 1.33 Sr++ 1.13 Br 1.95 
Rbt 1.48 Ba++ 1.35 T= 2.16 
Cst+ 1.69 
1.48 


exception of those concentrations greater than about 
millimolar. At these high concentrations complete 
dissolution of the collector was impossible. The face 
of the mineral to be tested was a freshly cleaved 
crystal of halite or sylvite. The mineral was placed 
in the brine and conditioned with collector for at 
least 15 min, which was found to be long enough to 
obtain a maximum value for the contact angle. The 
temperature remained constant during each experi- 
ment. The experiments were run at 24°C + 2°C. 
For contact angle measurements, a crystal of 
halite from Carlsbad, N. M., was used. Several sam- 
ples of sylvite were used in this work: a crystal of 
sylvite from Stassfurt, Germany; a crystal from 
Carlsbad, N. M.; and a crystal of chemically pure 
potassium chloride. Saturated brines were made 
from reagent grade chemicals and distilled water. 
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For the vacuum flotation tests, reagent grade salts 
were used. The flotation collectors were prepared 
by Armour & Co., Chicago. In these experiments 
the amine salt was added either as the acetate or 
chloride, but in a saturated brine the collector 
should be considered as the chloride salt because of 
the tremendous predominance of chloride ions. 


Experimental Results 

Vacuum Flotation Tests: To study whether or not 
ionic size controls the floatability of halides with 
aminium ions as collector, the best procedure ap- 
peared to be to ascertain the floatability of all the 
readily available alkali and ammonium halides by 
means of vacuum flotation tests. In this manner it 
is possible to vary, over wide ranges, not only the 
size of the cations but also anions of substances that 
are nearly identical chemically. A series of vacuum 
flotation tests were made with each of the alkali 
and ammonium halides, except RbF and CsF, in the 
manner described previously. The experiments 
were carried out with 10* and 10° molal dodecyl- 
ammonium acetate solutions and the results were 
the same at both concentrations. In Table II the 
experimental data are tabulated according to 
whether or not the particular salt floats under these 
conditions. 


Table II. Flotation of Alkali and Ammonium Halides with 
Dodecylammonium Acetate as Collector 


Li+ Nat K+ Rb+ Cs+ 
re No No Some Yes 
GE No No Yes Yes Yes Yes 
Br- No No Yes Yes Yes Yes 
j-— No Yes Yes Yes Yes Yes 


Of the fluorides, there definitely was no flotation 
of LiF and NaF. Some air bubbles attached to KF 
particles, but it was difficult to tell about the float- 
ability of KF because the solution appeared very 
syrupy. Flotation of NH,F occurs under these con- 
ditions. 

The experiments with the chlorides showed that 
LiCl and NaCl will not float with dodecylammo- 
nium acetate as collector, but KCl, RbCl, CsCl and 
NH,Cl readily float. 

Flotation tests with the bromides showed that 
KBr, RbBr, CsBr, and NH,Br float readily with do- 
decylammonium acetate as collector and that LiBr 
does not float with this collector. However, al- 
though coarse NaBr particles do not float with 
dodecylammonium acetate as collector, very fine 
particles do float. No air bubbles appeared to at- 
tach themselves to the coarse NaBr particles. 

Experiments with the iodides showed that Nal, 
KI, RbI, CsI and NHJ all float with dodecylammo- 
nium acetate as collector but that Lil does not float. 
CsI appeared to respond to flotation a little more 
sluggishly than the other iodides. 

Roughly, these data show that if the cationic 
collector can fit into the crystal lattice, the salt 
will float. To substantiate this, trimethyldodecyl- 
ammonium chloride was used as the collector in a 
series of vacuum flotation tests with some of the 
chlorides. The radius of a tetramethylammonium 
ion is 3.06 A,” and the radius of the trimethyldode- 
cylammonium ion is assumed to be the same as that 
of tetramethylammonium ions. The experimental 
results of tests run in 10“ and 10° molal collector 
solutions are given in Table III. 
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Since ionic size apparently plays a role in the 
flotation of soluble halides with cationic collectors, 
it seemed reasonable to extend this to the flotation 
of alkaline-earth chlorides. Accordingly, vacuum 
flotation tests were run with 10* and 10% molal 
dodecylammonium acetate solutions with the alka- 


Table Ill. Flotation of Alkali and Ammonium Chlorides with 
Trimethyldodecylammonium Chloride as Collector 


Salt Flotation 
LiCl No 
NaCl No 
KCl No 
NH,Cl No 


line-earth chlorides. Results are given in Table IV. 
Since Ba™ is slightly larger than K*, and since the 
other alkaline-earth ions are considerably smaller, 
it follows that the flotation of alkaline-earth chlo- 
rides with dodecylammonium acetate depends upon 
ionic size also. 


Table IV. Flotation of Alkaline-Earth Chlorides with 
Dodecylammonium Acetate as Collector 


Salt Flotation 
MgCle No 
CaCl» No 
SrCly No 
BaClyz Yes 


Contact Angle Studies on Halite with Dodecyl- 
ammonium Acetate as Collector: The contact angle 
on a freshly cleaved halite crystal was measured in 
saturated NaCl brine containing various concentra- 
tions of dodecylammonium acetate as collector to 
acertain whether or not any adsorption of this 
collector does take place on halite. The experi- 
mental findings are tabulated in Table V. The con- 
tact angle of an air bubble on halite in a saturated 
NaCl brine containing dodecylammonium acetate as 
collector is zero at all concentrations of this col- 
lector. 


Table V. Contact Angles on Halite with Dodecylammonium Acetate 
as Collector 


Collector Addition in 
Mols per Liter of Brine 


Contact Angle 
in Degrees 


1x 10-6 0 
x 10-6 0 
1x10 0 
5 x 10-5 0 
1x 10-4 0 
5 x 10-4 0 
10-3 0 
5 x 10-3 0 


Contact Angle Studies on Sylvite with Dodecyl- 
ammonium Acetate as Collector: To find out the 
magnitude of the contact angle on sylvite in a brine 
saturated with KCl and to see how it varies with 
the concentration of dodecylammonium chloride, a 
freshly cleaved crystal of Carlsbad sylvite was 
placed in a KCl brine containing different amounts 
of collector and the contact angle was measured. 
Five different angles were measured for each con- 
centration and the average value of the contact 
angle is plotted against the logarithm of the col- 
lector addition in Fig. 1. At a collector concentra- 
tion of only 10° mols per liter of brine, the contact 
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between an air bubble and a crystal of sylvite is 
only a slight cling. Above this concentration, the 
contact angle increases linearly with the logarithm 
of the collector addition until it reaches a maximum 
value of 55° at an addition of 5 x 10° mols of dode- 
cylammonium acetate per liter of brine. Above this 
addition, the contact angle decreases sharply, pos- 
sibly because of the formation of a second layer of 
collector ions being adsorbed in reverse orientation. 
The solutions began to become cloudy at additions 
of about 5 x 10“ molar. 

Contact Angle Measurements with Different 
Samples of Sylvite: To find out if any differences 
exist among various samples of sylvite, contact 
angles were measured with crystals of sylvite from 
Carlsbad, N. M., and Stassfurt, Germany, and chem- 
ically pure KCl in a saturated brine containing 10° 
and 10° molar dodecylammonium acetate. The ex- 
perimental results are listed in Table VI. There is 
no difference within the experimental limits among 
different sylvite samples. 

Reversibility of Adsorption: To study the reversi- 
bility of adsorption of dodecylammonium ions at 
the surface of sylvite, a crystal of sylvite was first 
placed in a brine containing 10° M dodecylammo- 
nium chloride. After the contact angle was meas- 
ured the sylvite was taken from the more concen- 
trated collector solution and was placed in a brine 
containing 10* M dodecylammonium chloride. In 
the 10° M solution, the contact angle was 47° and 
after the sylvite was placed in the 10“ M collector 
solution, the contact angle was found to be 38°, 
which is the usual value found without precondi- 
tioning in the concentrated collector solution. 


Table VI. Comparison Among Different Sylvite Samples 


Collector Contact Angle 
Salt Addition in Degrees 
Carlsbad sylvite 1x 10-4 37 
1x10 46 
Reagent KCl 1 x 10-4 38 
1x 10-3 45 
Stassfurt sylvite 1x 10-+ 38 
1x 103 47 


Effect of Chain-Length of the Collector Tail on 
the Contact Angle: A series of experiments was 
run using the primary amine acetates containing an 
even number of carbon atoms between 8 and 18 to 


T T T T T T 


CONTACT ANGLE IN DEGREES 
T 


1 ail 1 
1077 10°6 10-5 [Kory 107! 
ADDITION OF DODECYLAMMONIUM ACETATE IN MOLS 
PER LITER OF BRINE 


Fig. 1—Contact angle on sylyite as a function of the addi- 
tion of dodecylammonium acetate in mols per liter of brine. 
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NUMBER OF CARBON ATOMS IN THE COLLECTOR CHAIN 


Fig. 2—Effect of the number of carbon atoms in the collector 
chain on the magnitude of the contact angle on sylvite. 
Flotation tests show that KCI floats with the 18, 16, 14, 12, 
10, and 8-carbon amines but not with the 6, 4, and 2-carbon 
amines. (24 + 2°C.) 


find out how the number of carbon atoms in the 
chain of collector affects the contact angle on syl- 
vite. For each experiment, the addition of collector 
was kept constant at 10° molar. Hexadecylammo- 
nium acetate and octadecylammonium acetate were 
difficult to dissolve. After the flasks had been 
shaken for three days, the collector appeared to be 
essentially dissolved. The experimental results are 
presented graphically in Fig. 2. This figure shows 
that the contact angle increases linearly with in- 
creased chain length. 

Contact Angle Under Simulated Mill Conditions: 
Since in actual operating conditions, the solution 
is saturated not only with KCl, but also NaCl, one 
experiment was run with a brine saturated with 
both NaCl and KCl and a collector concentration of 
10* mols dodecylammonium acetate per liter of 
brine. Under these conditions the contact angle on 
sylvite was found to be 38°, which is the same as 
that found in the absence of NaCl in the brine. 

Effect of pH on the Contact Angle on Sylvite: To 
determine whether it is the aminium ion or the free 
amine which acts as the collector, the contact angle 
in brines containing 10‘ molar was measured as a 
function of pH. Hydrolysis of the amine takes place 
according to the following relation: 


RNH, + H.O= RNH,' ; K = 43x10* 


In dilute neutral or acidic solutions, the collector 
exists entirely as dodecylammonium ions but at pH 
10 it is only 80 pct ionized and at pH 11 it is but 30 
pet ionized. In the flotation of sylvite, a major effect 
of pH is to control the hydrolysis of the amine, 
whereas in the flotation of quartz, pH also controls 
the surface charge.” “ Experimental data are pre- 
sented graphically in Fig. 3. This figure shows that 
the contact angle decreases as the solutions become 
alkaline. At pH 11 the solution contains only 9 x 10° 
mols of dodecylammonium ions per liter and gives a 
contact angle of 28°. Fig. 1 shows that a brine con- 
taining 9x 10° mols of dodecylammonium acetate 
per liter would give a contact angle of 23°. 

Contact Angles of Sylvite with Trimethyldode- 
cylammonium Chloride as Collector: Vacuum flota- 
tion tests showed that not only LiCl and NaCl do 
not float with trimethyldodecylammonium chloride 
as collector but also that KCl and NH,Cl do not float 
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with this collector. To see if any of the large 
quaternary aminium ions are adsorbed at the sylvite 
surface, a series of contact angles were measured 
in brines saturated with KCl using trimethyldode- 
cylammonium chloride as collector. In brines con- 
taining 10° and 10° molar collector, the contact 
angle on sylvite was found to be zero. Apparently 


this large cation cannot be adsorbed onto the syl- 
vite surface. 


Discussion of Results 

Crystal Chemistry of the Alkali and Ammonium 
Halides: To understand how KCl and NaCl behave 
in the presence of a collector, it will be of interest 
to look at the crystal chemistry of the alkali and 
ammonium halides. 

Because of the stability of the noble-gas con- 
figuration of electrons in the outer shell of an ion, 
alkali and halide ions retain their ionic structure 
even in solid crystals. A crystal of a substance 
made up of ions is held together by the electrostatic 
attraction between oppositely charged ions. Because 
of the spherical symmetry of the electron distribu- 
tion of ions with noble-gas configurations, the inter- 
action of an ion with other ions is independent of 
direction, and consequently the structure of the 
ionic crystal is largely determined by purely geo- 
metrical considerations.“ Thus each ion is sur- 
rounded by the largest possible number of op- 
positely charged neighbors. However, for a given 
ion, the number of immediate neighbors is deter- 
mined not only by the condition of geometric pack- 
ing, but also by electroneutrality. For example, in 
sodium chloride the radius of the sodium ions is so 
much smaller than the radius of the chloride ions 
that there is room for a dozen or more sodium ions 
around each chloride ion.* However, electroneu- 
trality requires that the number of sodium and 
chloride ions shall be equal and that the arrange- 
ment around each ion should be the same. Around 
each sodium ion, only six chloride ions, arranged 
regularly at the corners of an octahedron, can be 
accommodated. Hence this is the type of coordi- 
nation not only around the sodium ions, but also 
around each chloride ion. Fig. 4a illustrates the 
sixfold coordination found in crystals of the sodium 
chloride structure. 
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Fig. 3—Effect of pH on the contact angle on sylyite in brines 
containing 10~* mols of dodecylammonium acetate per liter 
of brine. (24 + 2°C.) 
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crystal structures. 


On the other hand, in cesium chloride the two 
ions are more nearly comparable in size, and eight 
chloride neighbors can be packed around the alkali 
metal ion. The structure is quite different from 
that illustrated in Fig. 4a in that one ion of each 
kind is now surrounded by eight neighbors sym- 
metrically situated at the corners of a cube. Fig. 4b 
illustrates the eightfold coordination found in crys- 
tals with the cesium chloride structure. The inter- 
ionic distances for crystals with the cesium chloride 
structure generally are about 3 pct greater than 
for those with the sodium chloride structure.’ 

These two different structures for substances so 
closely related chemically emphasize how far more 
important are geometrical than chemical consider- 
ations in determining crystal structure among some 
solids. From such crystal structures it can be seen 
that no molecule MX, as such, exists in the crystal, 
but that in sodium chloride, for example, each 
sodium ion is associated equally with six chloride 
neighbors. 

The alkali halides all crystallize with the sodium 
chloride structure except CsCl, CsBr, and Csl, 
which have the cesium chloride structure. NH,Cl, 
NH.Br, and NHI crystallize with both the sodium 
chloride and cesium chloride structures, the former 
being stable above the transition temperatures 
(184.3°C, 137.8°C and —17.6°C respectively) and 
the latter below these temperatures.’ NH.F crystal- 
lizes with the wurtzite structure.” 

In LiF each anion is approaching contact not only 
with the surrounding cations, but also with other 
anions. Consequently the repulsive forces are 
larger than they would be for either anion-cation 
or anion-anion contact alone, and the equilibrium 
with the attractive coulombic forces is reached with 
a lattice constant such that the cation-anion dis- 
tance is larger than twice the anion radius. Ac- 
cording to Pauling, this phenomenon of double re- 
pulsion is shown also by Nal, NaBr, and NaCl.’ 

In Fig. 5 the cube face layers (100) planes, of 
the lithium, sodium, potassium, and rubidium hal- 
ides, are drawn with circles corresponding to the 
ionic radii but are drawn with the interionic dis- 
tances observed by Pauling.” The (100) planes of 
CsF and NHI are also drawn. Fig. 5 includes dia- 
grams of the (110) planes of CsCl, CsBr, CsI, NH.Cl, 
and NH.Br. The cesium salts are drawn with the 
observed interionic distances, whereas NH.Cl and 
NH.Br are drawn with the 3 pct increased inter- 
ionic distance characteristic of the cesium chloride 
structure. 

Role of Ionic Size in the Collection of Halides 
with Aminium Ions: Since ionic size appears to play 
such an important role in the crystal chemistry of 
the alkali halides, it seems that the mechanism of 
collection of these salts should be approached from 
the same veiwpoint. To illustrate schematically in 
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Fig. 5—Schematic representation of the (100) 
face of the alkali and ammonium halides with 
the sodium chloride structure and of the (110) 
face of those salts with the cesium chloride 
structure. 


which crystals a surface cation can be replaced by 
a dodecylammonium ion, the ammonium ion is 
drawn with a dotted circle over one cation in each 
halide in Fig. 5. If ionic size controls the collection 
of the alkali and ammonium halides with aminium 
ions, observation of Fig. 5 should tell which salts 
will float. For example, it can be seen that all the 
halides of potassium, rubidium, cesium and ammo- 
nium should float because an aminium ion can fit 
into the position occupied by cations in these crys- 
tals. Furthermore, it can be seen that lithium and 
sodium ions are too small to be replaced except 
possibly in sodium iodide, in which crystal double 
repulsion spreads the ions apart. It should be re- 
membered that monolayer coverage is unnecessary 
for flotation.” Flotation may take place with only a 
small percentage of the surface being coated with 
the collector. 

The experimental results from vacuum flotation 
tests with the fluorides show that LiF and NaF do 
not float but that some flotation of KF and NH,F 
does take place with primary aminium ions. Of the 
chlorides, LiCl and NaCl do not float but KCl, RbCi, 
CsCl, and NH.Cl do float. Of the bromides, LiBr 
and NaBr do not float but KBr, RbBr, CsBr, and 
NH,Br do float. However, these experiments showed 
that very fine NaBr particles do float. Pauling has 
stated that there is some double repulsion between 
ions in NaBr, and since very fine particles have a 
lot of corners and edges, this might add up to the 
fines being floatable. Of the iodides, Nal, KI, RbI, 
CsI, and NHI all float with dodecylammonium ions 
as collector. Sodium iodide floats because of the pro- 
nounced double repulsion in the crystal and because 
the iodide is a large squishy ion, all of which per- 
mits an aminium ion to squeeze into the lattice. 

The radius of an ammonium ion is about 8 pct 
greater than the radius of a potassium ion. Appar- 
ently an ion only 8 pct larger than a potassium ion 
ean fit into the KCl lattice. Van der Merwe showed 
that if the difference in atomic radii is less than 14 
pet, it is possible for a monolayer of the second sub- 
stance to be deposited at low temperature in exact 
fit on the substratum.” Furthermore, it is interesting 
to note that the Hume-Rothery rule states that the 
maximum difference in radius between ions in solid 
solution can be about 15 pct of the atomic radius of 
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Fig. 6—Schematic representation of 
proposed mechanism of collection 
of sylyite and lack of collection of 
halite by dodecylammonium ions. 


the solvent.“ Since cesium salts down to potassium 
salts can be floated by primary aminium ions, this 
15 pet must hold in the collection of halides with 
dodecylammonium ions. 

Additional proof of the ionic size hypothesis lies 
in the flotation of the alkaline-earth chlorides. Only 
the barium ion is nearly the size of the ammonium, 
whereas the other alkaline-earth ions are much 
smaller. Vacuum flotation tests show that BaCl, 
floats and that MgCl., CaCl., and SrCl. do not fioat. 

Since the charged head of a trimethyldodecyl- 
ammonium is large, 3.06 A in radius, it would be 
expected that this reagent should float none of the 
alkali and ammonium halides, since it is too large 
to replace any surface cation. The experimental re- 
sults show that quaternary aminium ions cannot 
collect any of the alkali chlorides, not even am- 
monium chloride. Further work could be done using 
monomethyl- and dimethyl-amine salts as collector. 

The Collection of Sylvite with Primary Amine 
Salts: The surface of a soluble salt in a saturated 
solution is constantly changing at all times. At any 
given instant at the surface of a sylvite crystal, for 
example, potassium ions and chloride ions are leav- 
ing the surface for the solution and an equal number 
of ions are coming from the solution and depositing 
on the surface. Since each ion will be surrounded by 
the greatest possible number of oppositely charged 
ions if the crystal breaks with cubic cleavage, (100) 
faces would predominate. Since ions are constantly 
leaving the surface and being precipitated, collector 
ions will be incorporated into the lattice at the sur- 
face if they will fit. 

The probable appearance of cube faces of halite 
and sylvite in a saturated brine containing some 
dodecylammonium chloride as collector is shown 
schematically in Fig. 6. All the ions are drawn to 
scale. It can be seen from this drawing that a do- 
decylammonium ion cannot replace a small sodium 
ion at the surface but that it can be incorporated 
into the sylvite lattice quite easily. Hence halite will 
not float, whereas sylvite does float with this col- 
lector. Actual incorporation of aminium ions into 
the lattice must be responsible for collection, be- 
cause if adsorption held the ion next to the surface, 
as in the case of quartz, halite would float also. 
Furthermore, if only an adsorption mechanism con-_ 
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trolled the collection, trimethyldodecylammonium 
ions should act as collector. 
Since the surface of sylvite is constantly dissolv- 
ing and precipitating, it would be expected that the 
adsorption of collector ions at the surface should be 
reversible and dependent upon the concentration of 
collector ions in the bulk solution. Experiments have 
shown that the adsorption of collector ions is re- 
versible, since sylvite conditioned first in 10° molar 
collector and placed in 10“ molar collector after- 
wards gave the same contact angle as found in the 
less concentrated solution without prior condition- 
ing in the concentrated solution. It was shown that 
the contact angle on sylvite increased with collector 
concentration up to a maximum angle of 55° at 
5x 10° M collector and fell off rapidly at higher 
collector concentrations, ostensibly because a second 
layer of dodecylammonium ions must have been 
held in reverse orientation through Van der Waals 
attraction among hydrocarbon chains. This would 
present a hydrophylic surface to the air bubble. 
Apparently an aminium ion will collect a soluble 
halide if it can replace a cation in the lattice. Experi- 
ments have shown that the presence of large amounts 
of potassium, sodium, and hydrogen ions in solution 
do not affect the contact angle. Hence there must 
be little, if any, competition among these ions for 
the surface. If an aminium ion has deposited in the 
crystal lattice at the surface, it seems that associa- 
tion between the hydrocarbon tails may be the force 
holding these collector ions to the surface. Associa- 
tion of the hydrocarbon tails of collector ions has 
been shown to play an important part in the flotation 
of quartz with dodecylammonium ions.” 


Summary and Conclusions 


This experimental investigation has shown that 
ionic size controls the flotation of alkali and am- 


monium halides with the salts of primary amines 
as collector. If the collector ion can fit into the 
crystal lattice at the surface in place of a constituent 
cation, the particular halide can be floated. 
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Safety Factor Characteristic Curves 
For Mine Hoisting Ropes 


by W. A. Boyer 


M INE hoisting ropes can be loaded to capacity 
only when the strength of each component is 
exactly known. Characteristic curves provide this 
information. When load and rate of acceleration are 
specified for an individual rope, the characteristic 
curve assumes a predetermined shape. 

The factor of safety is the value derived by divid- 
ing the breaking strength of the rope by the total 
stress on the rope where it goes over the sheave 
wheel. Total stress is made up of the weight of skip 
and cage, weight of ore, weight of rope between 
sheave and rope clevise or attachment, friction load, 
and acceleration force. Bending stresses are neg- 
lected in this discussion, as sheaves and drum di- 
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ameters are assumed to be large enough to reduce 
these stresses to a negligible value. 

Fig. 1 gives a family of characteristic curves for 
13g-in. improved plow steel hoisting ropes of 6 x 19 
or 6 x 21 construction with hemp core. The curves 
will hold for all rope sizes of this specified quality 
when they are subjected to an acceleration rate of 
1.608 ft per sec’. As acceleration rates of most deep 
shaft hoists are close to this value, this family of 
curves is presented as a standard. 

Deviation is slight for other rope sizes. Note that 
for O, which is the most important, the deviation is 
within the width of the line on the graph. In a com- 
parison of values for ropes of 5-in. and 2%4-in. 
diam the deviation ranges from a maximum 1.2 pct 
at 0 ft to 0.6 of 1 pct at 5000 ft. The value of 5.55 is 
the same for all ropes at 2500 ft. 

The tabulated columns to the left of the curves 
are values of total connected load for each size of 
rope from 5%-in. to 2%-in. diam inclusive. With 
each of these connected loads the safety factor char- 
acteristic curve for the rope will be as indicated. 
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Fig. 1—Tabulated value under each size of rope listed to the 
left of the curves represents the connected load at end of 
rope which would make the safety factor value fall along the 
curye indicated. Values along the line O-O represent the 
maximum connected load for each size of new rope to fulfill 
the new safety factor requirements proposed here. Shaded 
area is that portion below curve D when rope must be dis- 
carded according to present factor of safety standards. The 
new proposed yalues of factor of safety at point of discard 
will follow approximately along curve S. 
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Fig. 2—Total suspended load at end of rope for the various 
sizes, with various rates of acceleration. Calculated to ful- 
fill the factor of safety requirements proposed in the accom- 
panying text. Improved plow steel rope, 6x19 or 6x21 con- 
struction. 


Curve A—0.00 ft per sec?, Curve G—9.648 ft per sec?, 


or g = 0.0. or g = 0.30. 
ft pe ec?, Curve H—11.256 ft per sec?. 
Improved plow steel ropes, 6x19 or 6x21 construction. Ac- = or = 0.35 
celeration rate is 1.608 ft per sec?, or 0.05 g. Curve rae era ft per sec, Curve I—12.846 ft per sec?, 
ree or g = 0.10. or g = 0.40. 
Curve O—New safety factor values proposed by the author. Curvel 
Curves A and C—Present safety factor values for new rope. or g = 0.15. org = 0.45: 
Curves B and D—Present safety factor values when rope 432% ft per sec?, ft per sec?, 
should be discarded. aS Ty 040 ft per sec?, 
Note: Curves A, B, C, and D are more fully described in org = 0.2 


Fig. 1 of the author’s article, ‘Safety Factor Characteristic 
Curves,” AIME Trans., October 1954, vol. 199, p. 990. 


was done so that in a comparison, the curves for 
ropes of different sizes would coincide at the mid- 
point and deviation would be less at the extreme 
ends of the curves. The different curves of Fig. 1 
were calculated by starting with various values of 
factor of safety at the 2500-ft depth and changing 
them in 0.25 increments. An exception is Curve O, 
which was taken at 5.55 so that it would coincide 
with the new factor of safety standards the author 
is proposing. The curves were calculated for vari- 
ous loadings for each of the different sizes of rope. 
When the family of curves was compared for the 
various sizes of ropes for the same grade of rope 
and rate of acceleration it was found that the curves 
would coincide very closely. This means that one 
family of characteristic curves will serve for all 
sizes of rope of the same quality operating under 
the same rate of acceleration. 


It is easy, therefore, to check on which curve a 
particular installation is operating. The line O-O 
indicates the allowable maximum connected load 
for the new rope to operate along the safety factor 
values as set up by the author. Adoption of the 
safety factor values along a characteristic curve 
eliminates calculations of rope factor of safety. 
With this method it is necessary only to compare 
connected load values with the allowable load for 
the size of rope under consideration. 

When the family of curves were made up, the 
factors of safety were calculated for each connected 
load for various depths from 0 to 5000 ft at 500-ft 
intervals. These values were then plotted and the 
curve drawn. All calculations were started at the 
2500-ft depth first and then worked both ways. This 


Table |. Total Suspended Load, Lb, at End of Rope Correlated with Safety Factor Curves in Fig. 1 


54-In. 34-In. %-In. 1-In. 14% -In. 1144-In. 136-In. 1%-In. 15-In. 


134-In. 1%%-In. 2-In. 214-In. 214-In. 
E 2,401 3,417 4,592 5,952 7,449 9,129 10,925 12,905 14,901 17,274 19,496 22,095 24544 27.369 
F 2'529 31599 4,839 6,273 7,853 9,625 11,522 13,611 15,723 18226 20579 23.324 251919 28'905 
G 2,662 3,794 5,103 6,616 8,284 10,154 12,158 14365 16,600 19,242 21.735 24635 27385 30/544 
H 2/813 4/003 5,385 6,982 8,744 10,720 12,839 15,171 17,537 20.328 221969 261036 281953 32/995 
I 2)969 4.296 5,687 7.374 9,238 11,326 13,568 16,034 18540 21.491 24292 27537 30633 34172 
J 3.137 4.466 6,011 7,795 9,768 11,977 14,351 16,961 19,619 22.741 25.713 291150 32436 36187 
K 3/319 4.724 6.361 8,249 10,339 12,678 15,194 17,960 20,780 24.087 27.244  30'960 34'379 38°358 
L 3,515 5,003 6,738 8,739 10,955 13,434 16,105 19,038 22.035 25.540 28896 32762 36477 407703 
M 3,727 5,306 7.147 9,270 11,623 14,255 17,092 20,206 23,393 271116 30,687 34794 38,750  43'249 
N 3,957 5,634 7.592 9,847 12,349 15,148 18,164 21,476 24,870 28,826 32,633 37,002 41/221 46/003 
fe) 4,156 5,918 7,976 10,346 12,977 15,918 19,092 22,574 26,147 30,307 34,316 38,912 43,358 48,390 
P 4,484 6,385 8,608 11,166 14,009 17,186 20,615 24,379 28,246 32,739 37,081 42,050 46,868 52.312 
Q 4°787 6.817 9,192 11,924 14,963 18,357 22,025 26,048 30,187 341988 39.639 441952 50115 55 
R 5,122 7,294 9,837 12,762 16,018 19,652 23,583 27,892 32,332 37,474 421466 48160  53°704  59'950 
Ss 5,494 7,824 10,555 13,654 17,190 21,091 25,314 29,942 34,716 40,237 45,608 51,725 57692 64°406 
T 5,910 8,417 11,356 14,734 18,499 22,700 27,249 32232 37,380 431324 49/118 55:709 62235  69°386 
U 6,377 9,083 12,258 15,905 19,877 24,510 29,425 34810 40,352 46,798 53,068 60,190 67163 74’988 
Vv 6,90 9,839 13,281 17,232 21,642 26,560 31,892 37,730 43,774 50,734 579544 65270 72'846 81337 
W 7,513 10,702 14,449 18,748 23,551 28,904 34,711 41,068 47,656 55,233 «62.660 
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Fig. 3—Total suspended load at end of rope for the various 
sizes, with various rates of acceleration. Calculated to ful- 
fill the factor of safety requirements as proposed by the au- 
thor. Improved plow steel rope, 6x19 or 6x21 construction. 


The lightly sketched curve A represents the pres- 
ent recommended minimum factor of safety values 
for new ropes. Curve B represents the present recom- 
mended minimum factor of safety values when 
ropes must be discarded. C and D are smooth curves 
drawn through the midpoints of the steps of curves 
A and B respectively and more truly indicate the 
present required factor of safety for specific depths. 

On comparison of curves C and D with the true 
characteristic curves for this quality of rope and 
with the permitted loading it is found that curves 
C and D are much steeper. For instance curve C 
follows along exactly for a much lower grade of 
rope or a 14%-in. diam rope with a breaking strength 
of 75,000 lb. A present day 1%4-in. diam improved 
plow steel rope has a breaking strength of 129,200 lb. 

The usual practice in figuring an installation is to 
determine first the size of load it is necessary to 
hoist in order to get out the required tonnage in the 
allotted time. From the value of the load the weight 
of skip and cage can be approximated. The size of 
rope is then determined, and even though the rope 
may not be fully loaded no further consideration is 
given to increase the size of load and skip in order 
to load the rope to capacity. With the use of the 
method proposed by the author the connected load 
value would be compared with the values along line 
O-O of Fig. 1 which would indicate instantly the 
necessary size of rope and also indicate the addi- 
tional capacity that might be added to the skip to 
utilize the rope to the fullest extent and still be 
within the safety limits. 

The safety factor characteristic curves for flat- 
tened strand improved plow steel quality, 6x30 type 
G or 6x27 type H ropes are almost identical with 
“the curves shown in Fig. 1 if the connected load 
values along the line O-O are increased 9.04 pct. 

In Figs. 2 and 3 the maximum loading is given 
for each of the different rope sizes, from %-in. to 
21%-in. diam inclusive for improved plow steel 6x19, 
6x21 type U, 6x25 type W construction, for all rates 
of acceleration from 0 to 16.08 ft per sec’. On com- 
parison with curve A of Fig. 2 or zero acceleration 
point of Fig. 3 the reduction of connected load due 
to inclusion of accelerating forces can be deter- 
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Fig. 4—Curves shown here offer direct comparison of values 
of connected load for various sizes and qualities of rope. 
The flattened strand rope is of the same quality of steel 
but of different construction. 


Acceleration rate: 1.608 ft per sec?, or 0.05 g. 


Curve A—Flattened strand. Curve C—Plow steel, 6x19 
Curve B—Improved plow or 6x21. 
steel, 6x19 or 6x21. Curve D—Mild plow steel, 
6x19 or 6x21. 


mined. When values were worked out for plotting 
the curves for each rate of acceleration, the loading 
was such that the factor of safety would be 5.55 at 
a depth of 2500 ft. This gave a loading for the rate 
of acceleration so that the rope would operate along 
a safety factor characteristic curve such as the 
author proposed for a standard. 

Curves in Figs. 2 and 3 are plotted from the same 
values. In Fig. 2 the sizes of rope are used as ab- 
scissa and in Fig. 3 the rates of acceleration are used 
as abscissa. The value of the maximum connected 
load for each size of rope for any rate of accelera- 
tion is probably found most readily from Fig. 3. 

All the tabulated values and curves have been 
calculated on the assumption that the ropes are to 
be working in vertical shafts, or in other words, at 
a 90° angle from the surface horizontal. All the 
values can also be used for slopes or shafts at an 
angle less than 90° with respect to the surface hori- 
zontal. In that case the value would be divided by 
the sine of the angle included by the surface hori- 
zontal and the centerline of the shaft. The angle of 
slope would be increased slightly from the actual 
value so as to include a coefficient of friction com- 
ponent which would be more apparent in slope or 
incline installations. 

The author would like to point out that the con- 
nected load values given in Table I or obtained from 
the curves of Figs. 2 and 3 would be the same 
irrespective of depth of shaft. Variation in rope 
factor of safety with increase in depth is automati- 
cally compensated by the inherent characteristic 
curve of the rope. 

In Fig. 4 a set of curves offers comparison of the 
allowable connected load for hoisting ropes of vari- 
ous qualities or types of construction. These curves 
show the advancement that has been made in rope 
load carrying capacity. Curve C is for a rope of 
higher steel quality than the rope of curve D. Curve 
B is for a rope with a higher grade of steel than that 
of curve C. Curve A is for a rope of the same quality 
of steel as the rope in curve B but with a more re- 
cent type of construction. 
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Improved Contact Angle Apparatus for 


Flotation Research 


by Donald W. McGlashan and Kenneth N. McLeod 


iB the use of free bubbles with precise temperature 
control and continuous pH measurement, the con- 
tact angle apparatus differs from all previous equip- 
ment. Experimental procedures differ sharply from 
the captive bubble method” ’ of introducing the gase- 
ous phase in the three-phase system. When freed 
from the tube and captured by a solid surface, a 
bubble more closely conforms to the spherical ideal 
set up by the usual mathematical analysis of surface 
free energy or surface tensional relationships of the 
forces involved. 

The assembled equipment, Fig. 1, departs from 
the usual contact angle apparatus in providing: 1) 
water circulation for fixing temperature, 2) instru- 
ments to measure and record pH during testing, and 
3) a system for producing and using free bubbles. 
The apparatus allows testing over a broad range of 
closely controlled conditions, and the use of free 
bubbles gives contact angles independent of operator 
manipulation, which was unavoidable in the older 
captive bubble method. A bubble released below 
the specimen rises through the liquid and contacts 
the mineral. If the mineral is gas-avid the bubble 
adheres, developing a finite contact angle. 

D. W. McGLASHAN, Member AIME, and K. N. McLEOD are, re- 
spectively, Research Professor and Head of Dept. of Mineral Dress- 
ing and Associate Professor of Chemistry, Montana School of Mines. 

Discussion of this paper, TP 4211B, may be sent (2 copies) to 
AIME before May 31, 1956. Manuscript, March 14, 1955. New 
York Meeting, February 1956. 


Reaction cells (1), 2x3%x5 3/16 in. ID, are of 
pyrex glass 5 mm thick. To prevent optical distor- 
tion, the sides are optical flats and are planed par- 
allel to within five wave lengths of light over the 
entire surface. Special cement is required to with- 
stand chemical attack and thermal shock. The cell 
is placed in a thermal jacket (2) made of welded 
aluminum. A water seal for the optical ports is 
made by using O-rings tightened against the flats 
of the cell by fine-threaded and adjustable ports, 
Fig. 2. In-flow water is discharged downward from a 
manifold located near the bottom of the cell jacket. 
Water overflows the weirs at each end of the cell 
jacket, discharging from both sides to a collecting 
manifold (24). A hose (26) leads the overflow 
water to the thermal-conditioner well (4), which 
is recessed to accommodate a reaction cell and two 
beakers (150 ml). Both the thermal jacket and the 
thermal-conditioner well are insulated to minimize 
the effects of temperature differentials. Water, dis- 
charging from the thermal-conditioner well, returns 
to a thermostat bath and pump (3), from which it 
is pumped to the thermal jacket. The thermostat 
bath permits temperatures to be adjusted from 1° 
or 2°C to 80°C and will maintain the selected tem- 
perature within 0.2°C. 

An electrode support (22) groups the four elec- 
trodes (8) so that they fit conveniently into the 
reaction cell, Fig. 2. This assembly holds the glass 
electrode, the calomel electrode, the temperature- 


Fig. 1—Envyironment-controlled free bubble contact angle instrumentation. 
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Fig. 2—Free bubble contact angle assembly. 


compensating thermocouple for the pH system, and 
the thermocouple for temperature indication. The 
temperature-indicating thermocouple is glass-insu- 
lated 24-gage iron-constantan which is cemented in 
pyrex glass tubing. The exposed spot-welded junc- 
tion of the thermocouple is given a light plastic 
coating to prevent corrosion of the wire. The thermo- 
couple is connected to the electronic temperature 
indicator (5),* which has a temperature range from 


* Brown Electronick Precision Indicating Single Point Potentio- 
meter. 
0° to 100°C and 0.2°C scale subdivisions. Leads 
from the three electrodes for the pH system go to 
a Beckman Model R indicating amplifier (6), which 
has a range from pH 3 to 10. The amplifier is con- 
nected to a Brown Electronick Recording Potentio- 
meter (7) with a 12-in. diam chart and 24-hr period. 
The recording potentiometer extends the pH range, 
giving a working range from pH 2 to 12 in 0.1 sub- 
divisions. Adjustment and placement of the elec- 
trodes are provided by a sleeve-clamp and vertical 
support rod, Fig. 2. 

An optical bench is used to support the light 
source (9), the condensing lens (14), the thermal 
jacket, and the microscope, eyepiece-viewer, and 
35-mm camera (15). Suitable mounts on standard 
carriages have been designed to hold each piece of 
apparatus, permitting easy optical alignment. There 
is no operational time limit on illumination, which 
ds provided by a high intensity mercury lamp with 
a steady arc requiring no adjustment. Satisfactory 
pictures are obtained with exposures ranging from 
1/10 to 1/100 sec. The microscope is equipped with 
a 48-mm 2x objective and 10x ocular. The ocular 
is fitted with either a reticulocyte disk or a micro- 
meter disk. The reticulocyte disk has two parallel 
lines 2 mm apart. Focusing of the microscope is 
facilitated by the eyepiece-viewer, which has an 
engraved outline defining frame-size for 35-mm film. 
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Fig. 3 illustrates the bubble tube assembly. Par- 
ticularly important is the gas reservoir, which holds 
enough gas to produce 20 bubbles or more. The 
reservoir is charged with gas from a cylinder (16) 
through a needle valve or with air by an aspirator 
bulb (17). In either case closing of the stopcock 
completes the charging operation. Positioning of the 
bubble tube in the reaction cell below the inverted 
specimen is carried out by adjustment of two sets 
of rack-and-pinions, one providing horizontal align- 
ment, the other insuring vertical placement with 
respect to the inverted specimen and to the light 
path. After positioning, tightening the control pro- 
duces a bubble on the tip of the bubble tube. While 
the bubble is held on the tip, the control screw per- 
mits regulation of the bubble size. Capillary glass 
tubing with a bore of approximately 0.5 mm is used 
for the bubble tube, which is bent at the tip as 
shown in Fig. 3. To prepare the tip, the capillary 
tubing is first cut and then ground and polished to 
eliminate rough edges and provide for easy release 
of the bubble. 

Minerals for study are first roughly shaped and 
then briquetted in plastic (DuPont Composition 
HG-4F). Enough plastic is used so that the upper 
end of the briquette can be drilled and tapped to 
accommodate the stem of the specimen holder. Both 
machine-polished and hand-polished specimens are 
used, depending on the physical characteristics of 
the specimen. The mineral specimen is suspended 
in the test solution by a holder rested on the edges 
of the reaction cell. Final adjustment is easily made 
by turning the stem and sliding the specimen holder 
to the desired position with respect to the optical 
ports, light path, and engraved picture frame. 

Experimental Procedure: A solution containing a 
surface active agent is placed in the reaction cell, 
which has a volume slightly in excess of 500 ml. The 
reaction cell is then transferred to the thermal jacket, 
O-rings are inserted into the recessed grooves of 
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Fig. 3—Bubble tube assembly, specimen holder, and reaction cell. 
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the optical ports, and the ports are tightened against 
the cell walls. After standardizing with an appro- 
priate pH buffer, the rinsed electrodes are positioned 
in the reaction cell. Time required for the circulat- 
ing system to bring the test solution to temperature 
depends on a predetermined setting for this environ- 
mental factor. Once the system comes to the de- 
sired temperature, it may be maintained within 
+0.2°C. In the low temperature range, fogging of 
the optical port is prevented by directing a stream 
of air against the cell wall at the porthole nearest 
the microscope. At the predetermined temperature, 
pH adjustments are made to bring this factor to the 
desired setting. Continuous pH indicating and re- 
cording enables very close control of this factor. A 
Cenco-duNouy tensiometer is used to measure the 
surface tension of the aqueous solution. Capillary 
methods of measuring surface tension of the solu- 
tion in the reaction cell have been used and give 
greater accuracy than the tensiometer. 

A stream of distilled water and a cloth-covered 
glass lap are used to buff the previously polished 
specimen on a variable speed polishing wheel. Ex- 
perimentation will determine the type of polishing 
cloth and the abrasive to be used on various minerals. 
After buffing, the mineral specimen is thoroughly 
washed and immersed in distilled or demineralized 
water. It is then tested for cleanliness or water wet- 
tability. For this critically important test, the min- 
eral specimen is placed in a reaction cell containing 
distilled or demineralized water and a bubble is 
either released or pressed on the mineral surface. 
A pressed bubble may be used to survey the entire 
surface of the mineral by moving the specimen 
holder. If the surface is contaminated the bubble 
will cling, indicating that buffing must be repeated. 
While the contact angle apparatus described herein 
can be used for cleanliness testing, an auxiliary ap- 
paratus is convenient and speeds the preparatory 
steps. On completion of this test, the mineral speci- 
men is returned to the storage vessel (150 ml beaker) 
and placed in the thermal-conditioner well for tem- 
perature equalizing. 

After the mineral specimen has been temperature- 
conditioned, it is transferred to the reaction cell and 
positioned with respect to the light path and the 
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engraved outline of the film frame-size on the eye- 
piece-viewer. This places the mineral surface ap- 
proximately 3 cm below the liquid surface. The tip 
of the bubble tube is moved directly under the min- 
eral. A bubble is produced and sized. Tapping the 
tube gently releases the bubble. If the surface active 
agent has altered the surface of the mineral, making 
it air-avid, the free bubble will be captured and a 
finite contact angle formed. The camera then records 
the captured bubble for later measurement of the 
contact angle. On the other hand, a bubble will roll 
across an inactive mineral surface, either being cap- 
tured by the plastic mounting or escaping to the 
surface of the solution. 

Bubbles captured under equilibrium conditions 
always have a finite contact angle. The magnitude 
of the angle is determined from the photographic 
negative by measurement of the chord and the 
diameter of the segmented spherical bubble. The 
contact angle, measured through the liquid phase, 
is equal to one half the angle subtended by the 
chord. This relation, Fig. 4, is capable of simple 
geometric proof: 
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Fig. 4—Chord diameter and angle relation. 
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The sine of the contact angle is equal to the ratio 
of the chord to the diameter. When the sine has 
been calculated, a table of natural functions gives 
the angular value. A 7x focusing magnifier fitted 
with a 20 mm scale with 0.1 subdivisions is used for 
measuring. For convenience, the negative is placed 
on an illuminated ground glass screen. 

Theoretical Considerations: Contact angle is a 
definite and real physical quantity characteristic of 
a three-phase system. Conventionally, it is measured 
within the liquid, and it is the angle between the 
liquid-solid surface and the liquid-gas surface. 
Dupre’ first formulated the relationships between 
the surface energies or surface tensions to obtain 
the adhesional .work involved in the approach of 
two unlike surfaces. The work of adhesion (W.) 
makes it possible to express the energy difference 
in the three-phase system as Eq. 1: 


W. = yw (1 + cos 8). [1] 


The decrease in surface free energy (AE,) of the 
interfacial system has more thermodynamic signifi- 
cance than work of adhesion. AE, is also a function 
of 6, the contact angle and y,,, the surface tension of 
the liquid-gas interface. When surfaces of unit area 
are compared: 

AK, = yi, (1 — cos @). [2] 


When the solid surface is completely liquid-wet, 
the work of adhesion (Eq. 1) between the liquid 
and the solid is a maximum, W, = 2 y,,. The con- 
tact angle is zero and the gas will not be attracted 


TRANSACTIONS AIME 


Tis 


Fig. 5a (left)—Free bubbles in stable equilibrium on mineral 
surfaces and Fig. 5b (right)—in metastable equilibrium on 
mineral surfaces. 


to the solid surface. Under this condition, there is 
no change in surface energy, AE, = 0 (Eq. 2). 
Alteration of the surface environment can change 
the interfacial relationships. The liquid no longer 
attracts the solid as much as it attracts itself. In 
other words, the gas may displace the liquid from 
the solid surface. This displacement is manifested 
by the establishment of a finite contact angle. In 
mathematical terms, the work of adhesion is de- 
creased, W, < 2 y,,. Also, the formation of a gas- 
solid interface indicates that the surface free energy 
has decreased. Since tensional forces of the solid- 
gas (y,,) and solid-liquid (y,,) cannot be measured, 
contact angle provides a means of following changes 
in surface energy occurring in the three-phase sys- 
tem. Fig. 5a shows an air bubble in equilibrium 
with the mineral and water phases, In this example, 
the magnitude of the contact angle indicates appre- 
ciable decrease in surface free energy. Fig. 5b shows 
another bubble in metastable equilibrium. The very 
small contact angle demonstrates negligible change 
in surface energy. Because of the buoyancy effect 
and the possibility of optical aberration, it is doubt- 
ful that a finite contact angle has been developed. 
In the techniques developed for free bubbles, the 
situation illustrated by Fig. 5b is termed an apparent 
contact. A bubble in this condition will escape very 
readily, indicating lack of air-avidity on the mineral 
surface. On the other hand, bubbles captured by a 
definitely active surface are not easily dislodged. On 
a properly conditioned mineral surface, an equi- 


librium contact angle is established almost instan- 
taneously. Bubbles placed on a mineral surface prior 
to its reaching equilibrium with the environment 
will give contact angles increasing in magnitude 
until environmental equilibrium has been achieved. 
The time factor for attainment of equilibrium be- 
tween solid and liquid depends on the composition 
of the phases and on the temperature, but for any 
given set of conditions this time factor is constant. 
It must be determined before measurements under 
equilibrium conditions can be made. These consid- 
erations do not imply that all bubbles measured by 
the free bubble technique will give angles of con- 
tact that are precisely the same. Magnitude of the 
observed deviation is usually less than +5°. Several 
factors are responsible for the deviation between 
different bubbles. Normal experimental errors un- 
doubtedly account for some of the differences in 
angular values. Reducing these to a minimum will 
not eliminate the differences, since the bubble is 
free to seek a parking space on the mineral surface. 
The heterogeneous nature of a mineral surface with 
respect to composition and activity means that the 


Table |. Data for Point A, Fig. 6 


Picture Exposure Contact 
No. Time, Min pH °C Angle 
1 5 10.00 17.0 21° 21 
2 10 10.00 17.0 
3 15 10.00 17.0 15° 52’ 
4 22 10.00 lpal 18° 8 
5 25 10.02 17.2 18° 
6 31 10.02 17.2 
7 38 10.00 17.0 18° 24’ 
8 40 10.00 17.0 23° 25’ 
9 45 10.00 22°) 
Average 10.00 iyi 19° 33 


bubbles are likely to be captured by areas having 
slightly different mean activities. 

To minimize errors caused by bubbles of non- 
uniform size, the guide lines of the reticulocyte disk 
provide a convenient method for sizing bubbles. 
While Bashforth and Adams‘ have tables giving the 
necessary information for calculating the contact 
angle from the dimensions of a drop, Mack* and 
Mack and Lee’ pointed out that the units tabulated 
by Bashforth and Adams cannot be readily calcu- 
lated from experimental data. Wark” in review of 
Bashforth and Adams states: “For bubbles of air in 
water it is only over a limited range that the calcu- 
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Fig. 7—Relationship be- 
tween A—surface energy, 
B—work of adhesion, and 
C—contact angle for chal- 
copyrite exposed to surface 
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lations are possible.” Through experimentation, an 
optimum bubble size was obtained that was large 
enough for accurate measurement and small enough 
to minimize distortion. For bubbles approaching 
sphericity, the contact angle is conveniently deter- 
mined from a photographic negative by measure- 
ment of chord and diameter. Contact angle measure- 
ment by a position angle micrometer is more accu- 
rate, but the difference between methods is usually 
less than other experimental errors. 

Experimental Data: Fig. 6 presents data graphi- 
cally to illustrate effects of temperature on contact 
angle for the system activated sphalerite-potassium 
ethyl xanthate. Table I contains data for point A 
of Fig. 6. 

Fig. 7 indicates three ways of presenting the data. 
It also shows relationships between surface free 
energy, work of adhesion, and contact angle. 


Acknowledgments 


Procurement of instruments and development of 
apparatus were made possible by a grant from the 
Research Corp. supplemented by funds from the 
Montana School of Mines. The authors express their 
appreciation to W. A. Woods, Western Field Office, 
Research Corp.; J. R. Van Pelt, president, Montana 
School of Mines; and Rayworth F. Howe, manager, 
Christie Transfer & Storage Co., for their invaluable 
encouragement and assistance. Acknowledgment and 


thanks are also extended to the following former 
students for assistance and suggestions: Robert E. 
Baarson, Chemical Div., Armour & Co.; Frank F. 
Aplan, graduate fellow, Massachusetts Institute of 
Technology; Wilbur J. Guay, Howe Sound Co., and 
Walter G. Parker, Western Machinery Co. Sugges- 
tions from Robert R. Beebe, research assistant, and 
Darrell E. Bodie and Emil A. Kovacevich, research 
fellows, were most helpful. 


References 


1A. F. Taggart, T. C. Taylor, and C. R. Ince: Experiments with 
Flotation. AIME Trans., 1930, vol. 87, pp. 285-368. 

2 Guido R. M. delGuidice: The Bubble Machine. Engineering and 
Mining Journal, 1936, vol. 137, p. 291. 

3A. Dupre: Theorie Mecanique de la Chaleur (1869) p. 393. 

4Wm. D. Harkins and Y. C. Cheng: The Orientation of Molecules 
in Surfaces. Part IV EE lal of the American Chemical Society, 
1921, vol. 43, no. 1, p. 

50. (on Shepard: in Flotation. 
Metallurgy, 1932, vol. 13, p. 28 

6 Robert E. Baarson: A Meee of the Effect of Potassium Ethyl 
Xanthate at Sulphide Mineral Surfaces with Changes in Tempera- 
ture. M. S. thesis, Montana School of Mines, 1949. 

70. Bashforth and I. Adams: Capillary Action. Cambridge, 1883. 

8 Guilford L. Mack: The Determination of Contact Angles from 
Measurements of the Dimensions of Small Bubbles and Drops I. 
Journal of Physical Chemistry, 1936, vol. 40, p. 159. 

® Guilford L. Mack and Dorothy A. Lee: The Determination of 
Contact Angles from Measurement of the Dimensions of Small Bub- 
bles and Drops II. Journal of Physical Chemistry, 1936, vol. 40, p. 
169 


Mining and 


10Tan William Wark: The Physical Chemistry of Flotation I. Jour- 
nal of Physical Chemistry, 1933, vol. 37, p. 623. 

uD. W. McGlashan, K. N. McLeod, and R. F. Howe: Temperature 
Effects upon the Adsorption of Potassium Ethyl Xanthate on Acti- 
vated Sphalerite. Unpublished manuscript. 

12 Research in Progress: A Study of the Effects of Progressive 
Change of Elemental Position wpon the Surface Reactivity of Ali- 
phatic Nitrogen and Aliphatic Nitrogen-Sulfur Derivatives. National 
Science Foundation Grant, 1954. 


Truth and Fallacy About a Serious Problem 


Acid Coal Mine Drainage 


DY SAG 


RAINAGE of acid mine water into surface 

streams of coal mining areas is one of the most 
serious problems of stream pollution, since there is 
no known method that completely prevents its form- 
ing and no economically feasible treatment after it 
has formed. The mine acid problem differs from 
other pollution hazards because acid production does 
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not end with cessation of mining but actually be- 
comes more evident when pumping is stopped. 

The acid problem in the Pennsylvania, Ohio, West 
Virginia, and Kentucky bituminous coal areas of the 
U. S. began with the first operation in 1761, and the 
volume of acid discharge today is largely the cumu- 
lative result of years of mining. Provided they lie 
above the drainage area, the oldest mines, now long 
abandoned, are almost without exception producing 
acid in the same manner as those now operating or 
recently abandoned. 

It is well to consider some of the many procedures 
that have been used to determine the composition 


TRANSACTIONS AIME 


A B C 
| 


or deleterious effect of acid mine drainage. This re- 
quires knowledge of its chemical composition. Gen- 
erally speaking, it is a water solution of ferrous and 
ferric iron, aluminum, calcium, and magnesium sul- 
fates. There may also be manganese, sodium, and 
potassium, and occasionally other metallic elements 
as chlorides, carbonates, or sulfates. 

Major constituents fall into two specific classes: 
those that react with water to produce an acid solu- 
tion, namely, the sulfates of iron and aluminum, 
and those that are merely dissolved in the water, or 
the calcium and magnesium sulfates. 

The effective acid is the result of an original oxida- 
tion of sulfuritic materials associated with the coal 
measures, usually FeS, or pyrite. This reaction pro- 
duces ferrous sulfate and sulfuric acid. Subsequent 
reaction of the sulfuric acid with the rock, shales, 
and limestones also associated with the coal measures 
converts it to aluminum, calcium, and magnesium 
sulfates. Analyses of hundreds of samples of acid 
mine discharge show that the amount of sulfate 
present is chemically equivalent to the sum of the 
metallic elements. It is usually considered, there- 
fore, that there is no free acid. 

Most frequently used to determine the apparent 
acidity of such a solution, the pH is only a quan- 
titative value and does not indicate quantity of acid 
per volume. Again, the term free acid is only a 
measure of the amount of reaction that has taken 
place between the iron and aluminum salts and the 
water in which they are dissolved and is a value 
that changes with the state of oxidation of the iron, 
the temperature of the solution, and the degree of 
dilution. 

One analysis, which can be duplicated for any 
sample, is important in determining not only the 
immediate effect of acid water entering the stream 
but also the ultimate effect. Total acidity is deter- 
mined by titration in hot solution to a neutral end 
point, or pH 7.0, or for routine analysis and control, 
to phenolphthalein indicator. 

Over the past 200 years since coal has been mined 
in the U. S., many attempts have been made to 
solve the problem of acid-forming reaction. These 
include neutralizing with alkalies, usually lime or 
limestone, sealing* to prevent entrance of air neces- 


*Some deep shaft mines seal themselves by filling with water, 
completely submerging the acid-producing areas. 


sary for oxidation, and lagooning the discharge. Al- 
though neutralizing may be used as an emergency 
measure and sealing as a safety measure, none of 
these methods have been successful, and most have 
been costly. Even if some effective treatment were 
known, the preferred procedure would be to pre- 
vent formation of acid at the source. 

In recent months the press has published reports 
that formation of acid can be stopped by use of in- 
hibitors. This proposal is not new, but no such in- 
hibitor has come to the attention of the writer or his 
colleagues. Moreover, application at the acid-pro- 
ducing spots in abandoned mines, the worst offend- 
ers, presents almost insurmountable difficulties, as 
such mines, being without maintenance or ventila- 
tion, are inaccessible because of roof-falls or gas. 
There are three possible methods: 1) introduction 
into the water entering the mine, 2) application on 
the surface of the overburden with the possibility 
that the inhibitor will be carried into the mine by 
water seeping through the strata, and 3) introduc- 
tion as a gas that would permeate the mine by con- 
vection. 
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The first of these, introduction of an inhibitor 
into the water entering a mine, is not feasible be- 
cause it is seldom possible to determine the point of 
entry or to trace the flow. Water seeps through 
walls or floor rather than through the roof, and 
flowing water usually contacts only very small 
areas of the acid-producing surface. 

Application to the surface above the mine pre- 
sents a number of problems. The inhibitor must be 
absorbed by the soil, and not allowed to run off to 
contaminate streams. The overburden must be 
porous enough to permit direct vertical penetration 
to the worked area underneath. The inhibitor must 
not react with the overburden or be adsorbed by it, 
but must reach the workings in the desired con- 
centration. Finally, it must have no deleterious 
effect on the surface vegetation. Because of the 
geological strata in the mine cover, it is very ques- 
tionable if a specific point of application to the sur- 
face would under any condition eventually seep into 
the mine excavation at the point to be treated. 

The difficulties involved in introducing an inhibi- 
tor as a gas can be illustrated by an experiment 
conducted in 1950. Neutralization of acid and de- 
position of its iron content at the point of formation 
is evidenced by the brown areas and streaks on 
roof and walls in rock-dusted sections of operating 
mines. These brown areas appear so heavily coated 
that permeation of air to the oxidizable sulfuritic 
material is substantially retarded. If a gaseous 
alkali could be made to permeate all exposed sec- 
tions of an abandoned mine the amount of acid pro- 
duced would be materially decreased. An experi- 
ment of this sort was devised in which liquid am- 
monia, which vaporizes to gaseous ammonia at a 
temperature of —33° to —35°C, was introduced as 
the alkali or neutralizing agent. 

A small abandoned mine that had been under ob- 
servation for two years was selected for the pur- 
pose. During the period of observation, flow and 
acidity were measured at monthly intervals. This 
mine had a maximum cover of about 200 ft. Very 
few falls were apparent in the accessible areas, ac- 
cessibility being determined by the oxygen content 
of the atmosphere. Maximum human penetration 
was about 700 ft. According to underground maps 
the entire mine was open as far down as a borehole 
about 1700 ft from the entry. Oxygen content of 
the mine atmosphere at the borehole varied from 2 
or 3 pet to 21 pct, indicating that the borehole 
opened into the mine and that the atmosphere was 
as variable as at other accessible points. 

A %4-in. iron pipe placed in the borehole met an 
obstruction at a depth of 205 ft. It was assumed 
that this obstruction was the bottom of the mine ex- 
cavation, since the mine map indicated a borehole 
depth of 200 ft. Through this pipe 500 1b of liquid 
ammonia were introduced, equal to about 10,500 cu 
ft of ammonia gas. This amount was sufficient to 
neutralize all the acid delivered by the mine for 
one week. Following introduction of ammonia 
hourly samples of the discharge were taken for 24 
hr, daily samples for three weeks, and weekly 
samples thereafter. No decrease in acid delivery 
was observed at any time, and no odor of ammonia 
at any accessible point in the mine. 

This experiment indicated the futility of assum- 
ing that gaseous materials can penetrate thoroughly 
an unventilated abandoned mine or that all the 
drainage from an abandoned mine exits at one 
point. Absence of uniform convection is also indi- 
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cated by the fact that in an operating mine aban- 
doned areas adjacent to regular air courses are fre- 
quently low in oxygen. This condition is probably 
the result of closure of passageways by falls, which 


Table |. Effect of Phosphates, Chromate, and Alkalies on Reaction 
of Sulfuritic Material with Oxygen 


Days of Submersion at pH 


Solution 


0 5 14 28 42 
N/100 KeCr207 4.69 5.20 3.30 2.6 2.18 
N/100 KeCrO4 7.57 8.52 7.10 3.85 2.80 
N/100 CuzCle(NHs) x 11.22 9.72 8.93 pied 4.22 
H2O0 5.69 3.10 2.70 2.2 1.85 


Table II. Extent of Oxidation Indicated by Sulfate Produced 


SO3, Ppm 
Solution 
28 Days 42 Days 
N/100 K2Cr207 540 800 
N/100 KeCrO, 816 1184 
N/100 CuzCl2(NHs3) x 1176 1700 
H20 560 864 


Table III. Rate of Sulfate Production Correlated with Change in pH 


Solution Initial pH Decreasein pH SO;3(Ppm) 42 Days 
N/100 K2Cr207 4.69 2.51 800 
20 5.69 3.84 864 
N/100 KeCrOy 7.54 4.77 1184 
N/100 CuzClo(NHs3) x 11.22 7.00 1700 


may or may not be permeable by water or vapor, 
or closure by water seals at the falls. Since there 
is no forced ventilation the gas must travel by con- 
vection, and under these conditions efficiency of the 
barriers increases. 

The volume of ammonia gas introduced into the 
mine was such that it should have been apparent at 
the entry had there been no obstruction between 
the borehole and the entry. Several efforts were 
made to reach the foot of the borehole from the 
entry, but a point was always reached where the 
atmosphere became so deficient in oxygen that safety 
lamps were extinguished. It is possible that an 
amount of acid equivalent to the amount of am- 
monia introduced had been neutralized in some area 
of the mine, but that area was separated from the 
accessible area by falls and thus there was no per- 
meation of the ammonia or the water. This condi- 
tion has also been found in mines assumed to be 
filled with water, but drillholes into some areas 
have shown them to be perfectly dry, probably be- 
cause the point of entrance of the drillhole was 
sealed from the flooded portion by falls. 

While this experiment demonstrated the accepted 
concept of conditions in abandoned mines, it seemed 
advisable to explore further the use of inhibitors to 
oxidate pyritic material. Use of phosphates to protect 
steel surfaces against corrosion is well known. An 
irom phosphate coating is formed on the clean steel 
surface which is semi-impervious to oxygen of the 
air. The action of the phosphate, however, is a 
chemical reaction with the steel. Nitric acid, which 
apparently produces an oxide film impervious to 
air, is used to passivate bright finish stainless steel 
surfaces. The rate of corrosion of zinc-coated steels 
is materially decreased by treatment of the surface 
with a chromate compound. In general, the rate of 
oxidation of metal surfaces is decreased by addition 
of alkaline materials with an increase in pH. 
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Following review of these reactions an experi- 
ment was planned to determine the effect of various 
phosphates, chromates, and alkalies on the reaction 
of sulfuritic material with oxygen in the air. Fifty 
grams of sulfuritic material were submerged in 200 
ml of water and N/100 solutions of potassium 
chromate, potassium dichromate, and ammonical 
cuprous chloride. The pH of the solution was 
determined at the time the sulfuritic material was 
submerged. The pH and sulfate produced in the 
solution were determined at subsequent intervals. 
Data for pH is shown in Table I. 

The sulfate produced was used as a criterion of 
the extent of the oxidation. These are reported in 
Table II as SO; in ppm. 

Rate of sulfate production can be correlated with 
the change in pH in that the highest sulfate pro- 
duction is obtained in those solutions showing the 
greatest initial decrease in pH, as illustrated in 
Table III. 


Table IV. Tests on 50 G of Sulfuritic Material 


Solution G per Liter of Salt in Solution 


N/100 NasPO4 
N/100 NasPO,. 


1.2673 NasPO412 H2O 
0.9536 
N/100 NaHePO4 0.4600 NaH2PO4 H2O 
N/100 0.6473 KoCrO4 

H2O Distilled 

N/100 KeoCr2O7 0.4903 KeCr2O7 
N/100 NaOH 0.4000 NaOH 


Table Y. Initial and Interval Values of pH of Solution 


Days of Submersion at pH 


Solution 

0 16 38 51 vee 115 
N/100 NasPO4 10.68 8.05 6.72 3.48 2.56 2.42 
N/100 NasHO, 8.50 5.42 2.91 2.58 2.22 2.25 
N/100 NaH2PO, 5.75 2.98 2.58 2.45 2.12 2.10 
N/100 K2CrOz 7.40 7.20 3.33 2.58 2.86 
H2O 7.00 2.93 2.58 2.45 2.16 2.10 
N/100 KeCr20; 5.25 5.18 3.18 2.98 2.49 2.50 
N/100 NaOH 11.50 8.30 6.95 4.09 2.80 2.46 


Table VI. Increase in Acidity as Determined by SO; Content 


Days of Submersion at SOs, Ppm 


Solution 

38 51 vel 115 
N/100 NasPO, 324 576 812 1280 
N/100 NasHPO,« 362 498 792 1180 
N/100 NaH PO 356 542 746 1220 
N/100 KeCrO4 280 508 800 1302 
H2,O 324 478 696 1182 
N/100 KeCr207 306 456 688 1162 
N/100 NaOH 298 496 930 1488 


Following these preliminary tests more compre- 
hensive tests were designed as follows. Fifty grams 
of the same sulfuritic material used in the prelimin- 
ary tests were placed in each of seven 2-liter Erlen- 
meyer flasks. These samples were submerged in 
1000 ml of the solutions in Table IV. 

The pH of the solution was determined immediately 
after it was placed on the sulfuritic material in the 
flask. The flasks were stoppered wtih cotton to per- 
mit free access of air but to keep out dust, and 
allowed to stand on the laboratory shelves. The pH 
was taken at intervals and also the SO, produced 
was determined. The initial and interval values of 
pH are given in Table V. 

These data show the progressive time decrease in 
pH representing increase in acidity, which is deter- 
mined by the SO; content. The SO, contents at vari- 
ous intervals are given in Table VI. 

Experiment 2 was repeated with sulfuritic mate- 
rial from another source which was ground to —8 os 


TRANSACTIONS AIME 


iz 


40 mesh and after washing the HCI was washed 
with water until the washings failed to give a quali- 
tative test for iron or sulfate. Separate 50-g samples 
were submerged in 1 liter of each solution in 2- 
liter Erlenmeyer flasks, stoppered with cotton plugs, 
and allowed to stand on the laboratory shelves as 
in the previous experiment. pH values were deter- 
mined at varying time intervals and SO, determi- 


Table VII. Values for pH and SO, 


Solution Days of Submersion at pH 
0 12 24 31 56 78 133 
N/100 NasPO,4 10.31 7.96 7.40 6.60 2570 
N/100 NasHPO, 8.48 6.00 4.05 3.55 2.95 2.42 2.47 
N/100 NaHePO, (3:45 3:20 2:87 2:60 228 
N/100 K2CrO,4 7.10 7.68 7.35 7.04 6.78 4.00 3.18 
6.49 4.06 3.23 2.98 PALL 
N/100 K2Cr20; 4.34 6.60 7.87 8.05(?) 5:58 3:32, 2.63 

Table VIII. Values for pH and SO; 
Days of Submersion at SO3, Ppm 
Solution 

31 56 78 133 
N/100 NasPO, 496 700 1070 1592 
N/100 NasHPO, 408 752 972 1492 
N/100 NaH2PO,4 342 618 912 1400 
N/100 KeCrO, 268 326 572 1200 
H2O 424 724 1010 1316 
N/100 K2Cr2O7 352 610 902 1532 
N/100 NaOH 514 598 998 1810 


Table IX. Oxidation Rate for Yellow Pyrite 


Days of Submersion at pH 


overcome the alkalinity of the chromate and reduce 
the pH the rate increases. 

A third type of experiment was conducted with 
the water and potassium chromate solutions. One 
50-g sample of the sulfuritic material used in ex- 
periment 1 was thoroughly washed with water and 
placed in an aeration cell, and a second 50-g sample 
was washed with chromate and placed in a second 
aeration cell. These cells were so constructed that 
air could be drawn through the material in the cell 
and the air subsequently passed through a solution 
of sodium peroxide to oxidize the issuing SO, to SO, 
and retain it in the alkaline solutions. Air was 
drawn through the samples for a period of 14 days. 
At the end of this period the sulfuritic material in 
the cells was washed free of ferrous iron and the 
washing diluted to 1 liter. The alkaline solutions 
were neutralized with hydrochloric acid and each 
diluted to 1 liter. Ali the samples were analyzed 
for SO, and the washings from the sulfuritic mate- 
rial were also analyzed for iron. Results are shown 
in Table XI. 

These data show a slightly greater reaction, about 
5 pet, with the water-washed material. This differ- 
ential is very small considering the type and state of 
subdivision of the material. There is also shown a 
greater amount of SO, from the traps, which repre- 
sents SO, produced by the oxidation of the chro- 


Table XI. Comparative Tests on Two Lots of Sulfuritic Material 


Solution Solution on G. SO3 in 
0 16 38 51 71 115 Sulfuritic NaOH, Grams SOs Fe Total 
Material Na2Q2 Trap in Wash Water M/SO3:/MFe 
H:O 6.70 4.30 4.02 SEG) 3.28 3.30 
KeCrO, 0.07940 1.0797 0.4914 2.34 
H2O 0.05265 1.2340 0.5551 2.32 
Table X. Oxidation Rate for Yellow Pyrite 
Table XII. Comparative Data 
Days of Submersion at SO3 
Solution = 
38 51 mt ¥ Solution From Table V From Table VII 
N/100 KeCrO4 4 14 12 22 
H:O 18 22 38 58 NasPO. 0.000222 000240 
0.000200 000224 
0.000212 000215 
eCrO4 0.000226 000180 
re given in Table an 9Cr207 0.000202 000230 
various times are g NaOH 0.000258 000270 


These data are comparable with those of the pre- 
vious experiment shown in Table III and V. 

The difference in oxidation rate of the sulfuritic 
material associated with the coal measures and pure 
yellow pyrite has been previously demonstrated.* 


*Summary Report, Mine Acid Control, Mellon Inst., 1954. 


However, a comparison of the rate of sulfate forma- 
tion in water and potassium chromate solution was 
made in the same manner as the above experiments. 
Thirty-five grams of —8 + 14 mesh yellow pyrite 
were placed in each of two 2-liter Erlenmeyer 
flasks. One liter of distilled water was added to one 
flask and 1 liter of N/100 chromate to the other. The 
flasks were closed with cotton plugs and allowed to 
stand on the laboratory shelves. pH and SO, deter- 
minations were made as for the previous experi- 
ment. Data obtained are shown in Table IX and X. 

The data in Tables IX and X show the different 
oxidation rate for yellow pyrite as compared to 
sulfuritic material from data in Tables V, VI, VII, 
and VIII. Production of SO; in the water solution is 
somewhat greater than from the chromate solution, 
which compares with data in Tables V and VU, for 
the period when the pH of the chromate solution is 
above 7.0, but when sufficient acid is produced to 
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mate-washed material. During the experiment it 
was noted that this material became dry earlier 
than the water-washed material, and since the re- 
action in the wet and dry state proceeds as follows: 


1. (wet) FeS, + 3% O, + H,O — FeSO, + H.SO, 
2. (dry) FeS, + 30,— FeSO, + SO, 
it was anticipated that the chromate cell would pro- 
duce the greater quantity of SO.. 


Discussion 


To evaluate properly the data given above, it is 
necessary that they be calculated to a common fac- 
tor. Table XII shows the grams of SO, produced per 
day per gram of sulfuritic material from the two 
experiments when the sulfuritic material is sub- 
merged in the various solutions as taken from the 
last column of Tables V and VII. 

These data indicate a slightly greater rate of re- 
action in the N/100 NaOH solution, with the N/100 
Na;PO, solution next in order, and on an average 
basis the water solution is the slowest in reaction. 
However, the differences are probably no greater 
than the experimental error encountered in using 
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native material. Thus it may be concluded that the 
rate of reaction is neither augmented nor inhibited 
by the presence of phosphates, chromates, or sodium 
hydroxide in the solution. 

During the period of the experiment those solu- 
tions containing chromates changed in color from 
yellow to orange to green indicating the reduction 
of chromium to the Cr*** state. This change in color 
did not occur in the chromate in which the yellow 
pyrite was submerged. 

Although the pH of the water solution decreased, 
it did not reach values comparable to the solutions 
on the sulfuritic refuse. The pH of the K,CrO, was 
practically unchanged, indicating that the acid pro- 
duced was used in neutralizing the alkalinity of the 
chromate by its buffering action. 

Experiments in the aeration cells show the in- 
creased SO, formation caused by aeration in the dry 
state but do not indicate any inhibiting effect of the 
chromate deposited on the surface of the sulfuritic 
material by evaporation of the N/100 K.CrOQ, re- 
maining on the wet material when it was placed in 
the cells. 


Conclusions 
1) Failure to obtain neutralization of acid or 
evidence of diffusion of NH, gas in a mine suggests 
the futility of attempting to apply inhibitors in a 


gaseous form to the interior surfaces of an aban- 
doned mine. 

2) Phosphates, chromates, or sodium hydroxide 
have little or no effect upon the rate of oxidation of 
pyrite or pyritic material either in solution or inti- 
mately dried on the surface by evaporation of a 
solution. 

3) The reaction rate of the pyritic material from 
a coal measure is much greater than the reaction 
rate of yellow pyrite. 

4) The reaction rate of sulfuritic waste is greatly 
increased by aeration in either the wet or dry state. 

5) The decrease in pH of buffered solutions on 
pyritic waste is less rapid than in pure water but 
ultimately reaches approximately the same value. 
However, the rate of SO, formation is comparable 
in all solutions. 

6) The pH determination is a very poor criterion 
of reaction rate in buffered solutions, and since the 
oxidation of the sulfuritic materials is a progressive 
time reaction, long periods of experimentation are 
necessary for specific conclusions. 

7) There is at present little if any evidence that 
there is an inhibitor capable of deterring or stop- 
ping the reaction between the sulfuritic material 
associated with the coal measures and the oxygen 
of the air. If there were such an inhibitor no prac- 
tical application is known for an abandoned mine. 


A Laboratory Method of Determining 
The Thermodynamic Efficiency of High Explosives 


by Leonard L. Felts, George B. Clark, and Joseph J. Yancik 


ITTLE information has been published concern- 

ing the actual or useful amount of energy ob- 
tained from explosives when they are used for blast- 
ing. To provide more data on this subject, 8-in. neet 
cement cubes were blasted in a steel plate box and 
the breakage energy evaluated by comparison with 
drop crusher results using Rittinger’s,” ° Kick’s,’ and 
Bond’s* theories. Theories by Bond and Wang,’ 
Lineau,’ Hatch,’ Roller,* and others’ were not con- 
sidered applicable. Those used in this investigation 
may be expressed mathematically as follows: 


Rittinger Theory 


Kick Theory 


1 


[= pet, log 


4 


+ 100 log a, | [2] 
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Bond’s Third Theory 


1 100 
E = K, pct; ae qi? | [3] 


where E = energy used in breakage, d, = average 
diameters of screen fractions of broken cement par- 
ticles, pet; = percent weight of diameter d;, and 
et: 

The above equations were employed to determine 
values of K,, K,, K, for particle size distributions 
similar to those obtained from the blasting curves. 
These values were in turn used as a means of ap- 
proximating the specific energy of the blasted mate- 
rial. The efficiency of crushing by blasting was then 
determined by dividing this specific energy by the 
maximum available work of the explosive per gram 
of cement. 

Knowledge of the failure of solids under static 
loads is developing very rapidly. Their failure under 
impact loads has been investigated and reported in 
the literature only to a limited extent. Theories of 
failure” under static loading include 1) the maxi- 
mum stress theory, 2) the maximum strain theory, 
3) the theory of constant elastic strain, 4) theory of 
maximum shearing stress, and 5) Mohr’s theory of 
strength. 

All of these have elements of usefulness in estab- 
lishing an applicable theory for blasting. For highly 
strained and compressed material such as that sur- 
rounding a detonating charge of high explosive, the 
Mohr theory and its implications appear to be the 


TRANSACTIONS AIME 


1 100 
40 d; dy 


best for further investigation. This is related to tri- 
axial testing® “ of rock. In addition to the above, 
Poncilet® has discussed some of the energy aspects 
of failure by cracking. 

According to Taylor™ the pressures developed by 
the gases resulting from the detonation of a com- 
pletely confined high explosive are very high. Cal- 
culated values for high NG explosives are in the 
neighborhood of 1.3x10° lb per in? Although these 
pressures are low compared to those that exist in 
the detonation wave itself, their effects, other than 
furnishing energy to rupture the enclosing rock, are 
of first importance. 

; Little is known about the behavior of solid mate- 
rials when they are subjected to impact stresses of 
this magnitude, but the effect of statically applied 
loads on rocks under high confining pressures has 
been observed by Griggs.” 

Although results of these tests may not be directly 
applicable to the conditions that exist in a rock 
stressed by an explosion because of time and scale 
factors, they are significant. The ability of rock to 
flow and exhibit great strength under high pressure 
is a substantial argument in favor of the hypothesis 
that rock so stressed breaks inward from a free face 
toward the explosive charge rather than outward, 
rupture also being related to reflected stress waves. 

The fracturing of metal plates, rods, and tubes 
under very high and rapidly applied stresses has 
been investigated by Rinehart.” Explosive charges 
were used as a means of creating these stresses in 
order to study the types of fractures that occur, the 
conditions that lead to these fractures, and the 
effects that the physical properties of the materials 
play in the fracturing processes. It was found that 
under very high rates of loading, metals act as 
brittle elastic solids. 

Explosive Energy. Theory and Testing: Investiga- 
tions of the physical and chemical phenomena which 
occur when an explosive is detonated have resulted 
in the formation of a number of theories. Possibly 
the most commonly accepted of these is the hydro- 
dynamic theory,” which was initially based upon ob- 
servation of the detonation of gases under controlled 
conditions. 

A number of experimental methods have been de- 
signed in the attempt to measure the energy con- 
tained in explosives and detonators. They serve, 
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Fig. 1—Cumulative percentage curves for 30, 40, and 50 g 
of 60 pct dynamite. 


TRANSACTIONS AIME 


{02 
| | 
6 EXTRAPOLATED VALUES 
{0° }— B 
oO 
107! SCREEN VALUES = 
19072} — 
1073 }— 
10° 4 | | | 
10-7 1076 10-5 10-4 10-3 10-2 10-4 10° 


LOG PARTICLE DIAM, IN. 


Fig. 2—Cumulative percentage curves for drop crushing tests 
A, B, and C. 


however, only to indicate the comparative energy 
content above or below that of an accepted standard, 
and unfortunately may give little indication as to 
the actual amount of explosive energy that may be 
usable for blasting purposes. 

A detonation represents the maximum rate at 
which an explosion can take place and is therefore 
a distinguishing feature of high explosives. Velocity 
of detonation and the final state of the products are 
determined by the explosive material, the initial 
density, and the temperature. 

When hydrodynamic treatment is applied to veloc- 
ity, pressure, density, unit volume, and internal en- 
ergy per unit mass, detailed chemical processes in 
the wave front can be largely disregarded, and the 
laws of conservation of mass, momentum, and en- 
ergy for the constituents before and behind the wave 
front can be applied. This theory has permitted for- 
mulation of procedures” by which the explosion 
state may be calculated, that is, the temperature and 
pressure which exist in a drillhole immediately after 
detonation. Properly chosen equations of state also 
lead to determination of maximum available work, 
assuming adiabatic expansion of the gaseous prod- 
ucts of detonation. 

Several types of tests” have been devised to meas- 
ure the effectiveness of high explosives. These in- 
clude the ballistics pendulum, the ballistics mortar, 
the nail test, the sand bomb test, and the Trauzl lead 
block test. In each of these there is no positive means 
of making a direct quantitative measurement of the 
strength or efficiency of the explosive. The blasting 
performance of explosives has been found to corre- 
spond to a fair degree with the results from the bal- 
listics mortar, but only approximately. 

New Method of Explosive Testing: The method of 
measuring the efficiency of explosives employed in 
these tests is simple in basic principle. Solid blocks 
of neet cement were blasted by known amounts and 
strengths of explosives and the particle size distribu- 
tions were employed as bases for calculation of use- 
ful energy obtained. These results were then com- 
pared with those from blocks broken by a drop 
crusher where the useful energy input could be very 
closely approximated. 

For three different weights of three different 
strengths of explosive used in the blasting tests, the 
particle size distribution and the total energy avail- 
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able for comminution were determined. Each test 
was conducted in such a manner that the broken 
material resulting from the blast could be collected 
and sized through Tyler standard screens and the 
Haultain” infrasizer. 

Thermochemical calculations were made to deter- 
mine the total energy available from each charge. 
The total weight of the broken block divided by the 
total energy available yielded the maximum possible 
theoretical amount of energy per unit weight of 
broken material. Only a portion of this total amount 
is actually used in breakage, however. 


Table |. Results of Chemical Calculations 


Total Avail- 


Maximum Maximum able 

Dyna- Available Available Work, 

mite, Energy, Work, Portland Work, Ft-Lb 

Grams Pet Ft-Lb Ft-Lb Cement, G Ft-Lb PerG 
30 30 56,500.6 54,000.1 16,989.1 55,078.4 3.24 
40 30 75,334.2 72,000.1 16,104.0 73,078.4 4.54 
50 30 94,167.7 90,000.1 16,484.6 91,078.4 5.53 
30 60 74,460.2 71,842.1 16,339.4 72,920.4 4.46 
40 60 99,280.3 95,789.4 16,307.8 96,867.7 5.94 
50 60 124,100.4 119,736.8 17,426.1 120,815.1 6.93 
30 90 125,260.7 113,910.0 16,738.9 114.988.7 6.87 
40 90 167,031.6 151,880.6 17,021.5 152,958.9 8.99 
50 90 208,789.5 189,850.7 16,524.0 190,929.0 11.55 

Cap 1,078.3 1,078.3 


To provide as nearly homogeneous material as 
possible for the blasting tests, blocks were made of 
straight Portland cement with a minimum amount 
of water to produce a specimen of maximum 
strength. The blocks were cured for a minimum 
period of one month. Inasmuch as a blasting cap was 
required to detonate each charge, it was planned 
that enough explosive be used to provide a high de- 
gree of energy in comparison with that of the cap. 
Eight-inch cubes proved satisfactory, as they yielded 
a wider range of particle sizes for the largest 
amounts of the strongest explosives. The charges, 
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Fig. 3—Cumulative energy. 
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Dissipation of explosive energy may be classified as follows: 
A. Breakage of the test specimen 


B. Residual temperature of 
1. Gases of explosion and surrounding air 
2. Broken specimen 
3. Steel box 
C. Other work by gases which results in 
1. Deformation of the steel box 
a. Elastic 
b. Permanent 
2. Compaction of the specimen 


Sound 
E. Formation of new chemical products 
To determine the amount of explosive energy used in the 


comminution process, it would be necessary to determine the 
amount that is lost in B through E above. 


complete with the proper percent of paper wrapper 
and an electric blasting cap, were contained in 
waterproof cylindrical glass vials. These were cast in 
the cement blocks, thus providing complete confine- 
ment of the explosive. 

Explosives used for the tests were 30 pct and 60 
pet AN dynamite and 90 pct gelatin dynamite. 
Charges containing 30, 40, and 50 g of each strength 
of explosive were used to obtain a series of particle 
size distributions from the blasted material. The 
blocks were blasted in a 3-ft reinforced steel box. 
Loss of broken material was prevented by a steel 
cover securely bolted to the box, with only a small 
hole in the center of the cover, through which the 
blasting cable was attached to the lead wires of the 
charge. 

The broken material resulting from the blast was 
carefully collected, screened, weighed, and recorded. 
Minus 200 mesh material was separated into equiva- 
lent screen size fractions by processing in an inira- 
sizer. 

Total available energy cannot be assumed with 
accuracy to be total heat of explosion, but must be 
determined from the laws of adiabatic expansion. 
Explosion pressure may be determined from a 
knowledge of the composition and loading density of 
the explosive, the heats of formation of reactants 
and products, the chemical equilibria involved, and 
an equation of state for the gaseous products of det- 
onation. The method employed was similar to 
Brown’s method” as modified by Cook.™* After the 
explosion state has been determined, the gases are 
assumed to expand adiabatically without change in 
composition to some final temperature. The heat in- 
volved in this charge is assumed to be the maximum 
available energy.* 


*In the original manuscript the available energy was assumed to 
be the total heat of explosion at constant volume. Results here are 
eee on the adiabatic expansion law and were calculated by Joseph 

. Yancik. 


Results of the calculations based on the above 
procedure were used to determine the available en- 
ergy per gram of broken material. Final results are 
expressed in foot pounds per gram of broken material. 

Drop Crushing Tests: To evaluate results of the 
explosive tests, it was necessary to obtain particle 
size distribution curves similar to those obtained from 
the screen results of the blasted cubes from a crush- 
ing process in which the crushing energy could be 
measured. The first approach was to crush cylindri- 
cal specimens of different diameters and lengths in an 
attempt to obtain a duplication of the cumulative 
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curves of blasted material. Test results, however, 
failed to yield the desired shape of curve. Final de- 
sign of the drop crusher provided for impact break- 
age of small cement cubes similar to those used in 
the blasting tests. The general shape of the curves 
obtained from these tests differs somewhat in the 
upper size range but closely approaches that of the 
explosive curve as the particle size decreases. The 
apparatus was calibrated to determine the amount 
of energy used in crushing and the amount absorbed 
in a manner similar to that employed by Gross and 
Zimmerly.” 

The energy required to crush a specimen to any 
particle size distribution was taken as the total 
kinetic energy of the drop weight minus the energy 
absorbed by the apparatus. The absorbed energy for 
a particular test was found by measuring the defor- 
mation of the aluminum cylinder (instead of wires, 
Ref. 26) and finding the corresponding value of en- 
ergy from the calibration curve. The crushing en- 
ergy thus determined divided by the weight of the 
specimen gave the crushing energy per gram (spe- 
cific crushing energy) of the broken material. 


Results 

Many investigations of crushing and grinding en- 
ergies have employed the assumption that cumula- 
tive particle size distribution plots on log-log paper 
yield straight lines. These lines are extended only to 
particle sizes as low as 0.7 microns in diam and the 
particles below this cut off size are neglected. 

Two assumptions were made in connection with 
the present work. First, the particle size diameters 
were taken as the arithmetic mean between two 
screen sizes. Second, and more important, the plot 
of the particle size distributions indicated a convex 
type of curve over the screen and subsieve sizes. The 
general trend of the curve was followed in the ex- 
trapolated portion with the per cent decreasing rap- 
idly as the particle size approached the neighbor- 
hood of 300A. Results of data obtained from electron 
microscope photographs indicated that there were a 
few particles of this minimum size in the material 
contained in the last cone of the infrasizer. Data col- 
lected by other investigators have also shown that 
the particle size distribution curve is convex down- 
ward in the small particle size range. Since there 
can be no particles of zero size it follows logically 
that the curve should drop off rapidly at some mini- 
mum particle size. To assume an extrapolated curve 
of this shape also appears more reasonable than to 
assume an arbitrary cut off size, especially in view 
of the increase of relative specific energy with de- 
crease in particle size diameters for Rittinger’s and 
Bond’s theories. 

The particle size fractions below the lowest infra- 
sizer size were taken from the extrapolated curves 
discussed above for the purpose of determining the 
values of the K’s in the equations for the laws of 
crushing. (See Table II and Figs. 1 and 2). 

It would appear, on the basis of the results (see 
Table III) obtained under the test conditions em- 
ployed and the assumptions made, that explosive 
breakage is much more efficient than other methods 
of crushing and grinding. It is realized that for some 
industrial operations, the end products resulting 
from a blast may not be similar due to the relatively 
large amounts of small sized material produced in 
blasting. Crushing and grinding efficiencies previ- 
ously reported by other investigators range from a 
low of less than 1 pct to a high of 17 pct. Schellinger™ 
found that thermodynamic efficiencies of a ball mill 
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range as high as 17 pct. Inasmuch as the energy 
losses in ball mill grinding are due to friction of 
machinery, friction of grinding medium, and prob- 
able lower order of efficiency of the ball mill grind- 
ing process, the explosive efficiencies calculated 
herein appear to be in a reasonable range. This is 
especially true of those determined on the basis of 
the Rittinger and Bond theories. Results of Schel- 
linger’s investigation also appear to justify further 
the extrapolation of the particle size distribution 
curves employed in the present investigation. The 
fact that a significant portion of the kinetic energy 
of broken particles was converted to breakage en- 
ergy was doubtless partially responsible for the high 
efficiencies obtained. 


Table li. K Values 


Drop Crushing Rittinger Kick Bond 
Test Ft-Lb Per G Kr Kx Ko 
A 1.03 0.000174 0.00680 0.00534 
B 1.53 0.000267 0.00975 0.00576 
(6 1.94 0.000295 0.01188 0.00664 


Table III. Explosive Efficiency 


Grams Pct Rittinger, Pct Bond, Pct Kick, Pct 
30 30 62.8 66.4 60.0 
40 30 66.9 57.5 44.5 
50 30 62.4 51.6 38.0 
30 60 72.2 59.8 45.7 
40 60 66.1 O13 36.0 
50 60 65.2 50.0 32.6 
30 90 55.8 42.8 30.4 
40 90 53.3 38.0 24.6 
50 90 63.8 35.8 20.2 


Test results of explosive efficiency range from 20 
to 72.2 pct, depending upon the amount and strength 
of explosive and upon the theory chosen. In the case 
of the 30-g sample of 30 pct dynamite, the results as 
plotted in the distribution curve indicated that a 
portion of the charge may have failed to detonate. 

Fig. 3 shows the cumulative distribution of energy 
for two explosives with respect to particle size. The 
curves for the Kick theory are more nearly the 
shape of the cumulative particle size distribution 
curves than for the other two theories. 

Another item of interest is the apparent increase 
in the K values with increased energy input. Only 
the averages of the results obtained in tests B and C 
were used in calculating efficiencies, since the distri- 
bution curve (Fig. 2) of test A was below those of B 
and C in the large particle range and subsequently 
crossed that of B as the particle size decreased. In 
addition, tests B and C conform more generally to 
the blasting tests. The value of the energy constants 
determined from the drop crushing curves is a func- 
tion of the shape of the curve as well as its position, 
since the values of all constants were found to in- 
crease for curves lying higher on the graph. As most 
of the blasting curves are above the drop crushing 
curves, the values of the K’s for these curves are 
probably low and likewise the efficiencies calculated 
therefrom. Calculated efficiencies for the Third 
theory do, as Bond proposed, fall between those of 
the Rittinger and Kick theories. It is realized that 
there is insufficient data available to establish firmly 
a criteria for blasting efficiencies, and that other 
tests should be made to confirm the ones found in 
this investigation. 

Sources of Error: There are several possible 
sources of error in the experimental work described 
above. Some of these would make the calculated val- 
ues of the explosive efficiencies too high and some 
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too low, so that they tend to be compensating to a 
certain degree. 

One of the most obvious of the possible sources of 
error is the manner in which the particle size distri- 
bution was extrapolated for particles below the in- 
frasizer range, i.e., 6.5 microns. For Kick’s theory 
the manner in which the curve is extrapolated has 
little effect upon the calculated energy values, but 
for the other two theories it is of considerably in- 
creased importance. 

One source of error is found in the assumption 
that the energy absorbed by the equipment is ac- 
curately measured by the deformation of aluminum 
cylinders. This is probably the case for both the de- 
termination of the calibration curve and the values 
measured during actual crushing. However, this 
means of determining crushing energy does yield a 
fair approximation. 

It was also found that for large crushing energies 
some of the material was crushed and compacted 
into a disk more dense than the original material. In 
all crushing values used as a basis for calculations, 
therefore, only those specimens were employed 
which showed very little or no compaction. 

The basis of calculating the efficiency of a high 
explosive is somewhat arbitrary. That is, a reference 
temperature must be chosen to calculate the avail- 
able heat. Most thermal values for chemical reac- 
tions are referred to 25°C, or room temperature, and 
the total energy of the explosive used in these ex- 
periments is based on this same temperature. If it 
were possible to refer all calculations to absolute 
zero, the efficiencies would, of course, be much lower. 

One of the greatest difficulties encountered was 
that of measuring the size fractions of a very fine 
material. For either the Rittinger or Bond theories, 
very small amounts of this material represent large 
expenditures of grinding energy. For more accurate 
evaluation of the particle size distribution in the 
submicron range, new and refined techniques must 
be developed. 


Summary and Conclusions 


A tentative laboratory method of determining the 
blasting efficiency of explosives under certain speci- 


fied conditions was devised and investigated. From 
this investigation it was found necessary to extra- 
polate the particle size distribution curves well be- 
low the usual assumed cut off size. Efficiencies of the 
blasting process, as determined by this experimental 
procedure, indicated that the values may be as high 
as 72 pct when the three different comminution the- 
ories are used as bases for calculation. Results ob- 
tained by use of the Rittinger and Bond theories are 
believed to approximate more closely the true effi- 
ciencies since the Kick theory gives so little weight 
to particles in the smaller size range. 
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Discussion: Structural and Stratigraphic Control of Ore Deposition in the West 


Shasta Copper-Zinc District, California 


(AIME Trans. February 1955, vol. 201, pp. 165-174.) 


Robert T. Walker and Woodville J. Walker (Walker 
Engineering Corp., Salt Lake City)—-Mr. Kinkel’s 
article embodies, in condensed form, the results of the 
first detailed and complete geological survey that has 
ever been made of the long neglected but potentially 
very important West Shasta Copper- -Zine district, in 
Shasta County, California. In view of the difficulties of 
the terrain and the complexity of the geological struc- 
ture, this represents a notable achievement, and it is 
with regret, therefore, that the writers find it neces- 
sary to differ from Mr. Kinkel’s conclusions on two 
important points. 

The first has to do with the interpretation of two 
members of the stratigraphic column of formations in 
the district; for purposes of comparison, the description 
of these two members according to Mr. Kinkel is 
shown parallel to the description of these members 
according to the writers, see Fig. 14, Mr. Kinkel’s 
nomenclature being used. 

The first member, which Mr. Kinkel terms the upper 
unit of the Balaklala rhyolite, consists of a single, mas- 
sive, homogenous body of very silicious igneous rock, 
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by A. R. Kinkel, Jr. 


consisting almost wholly of quartz and albite, and 
averaging about 80 pct silica. Most geologists of the 
U. S. Geological Survey who have previously inspected 
the district have called it an alaskite. It is not a pile of 
several members, but is a single unit, without internal 
subdivisions. It has the form of a recumbent lens, ap- 
proximately flat on the bottom and arched on top, 
several miles in diameter, and attaining a maximum 
thickness of 1000 to 1200 ft. It varies in texture from 
porphyritic to holocrystalline, and contains unusually 
large quartz phenocrysts up to 4 mm diam. Mr. Kinkel 
considers this formation to be a thick lava flow that is 
older than the overlying Kennett shale, while the 
writers interpret it as being intrusive, constituting a 
domed sill or laccolith that is younger than the Ken- 
nett shale. Their reasons are as follows: 

1) This formation shows none of the features which 
within the writers’ experience invariably accompany 
very silicious lava flows. Nowhere is it vesicular; no- 
where does it contain any glass or its devitrified 
equivalent; nowhere does it contain flow breccia; and 
nowhere has it a ragged top, in spite of the fact that 
there is no evidence of surface erosion, which might 
have removed such a top. 
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/aterpretation 
by A.R. Kinkel, Jr. 
(Part) — 
Kennett Shale 


Jnterpretation 
by R.T. Walker 


(Part) 
Kennett Shale 


(Not to scale) 


Balaklala Rhyolite Balaklala Rhyolite 
Upper unit Upper unit 
Rhyolite lava flow / UX. Rhyolite (alaskite) 


Balaklala Rhyolite 


Balakiala Rhyolite 
Middle unit 


Rhyolite flons, tuffs Conglomerates, grits ond 


ond breccias sandstones, intruded 
Baloklala Rhyolite = Baloklala Rhyolite 
Lower unit Qa Lower unit 
Rhyolite volcanic complex! ~! | yahyolite volconic complex 


Fig. 14—Partial stratigraphic column as interpreted (left) 
by A. R. Kinkel, Jr., and (right) by R. T. Walker. 


2) Numerous fragments of the overlying Kennett 
shale, more or less bleached and silicified but with the 
structure clearly preserved, standing at all attitudes 
and varying in size from small pieces to good-sized 
masses, are imbedded as xenoliths in this formation. 
This could happen only if the Kennett shale were the 
older, and the alaskitic magma, in the course of invad- 
ing it, had torn off and engulfed fragments of it. 

3) Intervening between the upper surface of this 
formation and the overlying Kennett shale in many 
places is a breccia of finely comminuted, bleached, and 
indurated shale fragments, which must have been cre- 
ated by the heat and pressure of the alaskitic magma 
in the course of its intrusion. Mr. Kinkel terms this 
material a tuff, but its constituent fragments are not 
of igneous material. 

4) In places near the contact of this formation and 
the underlying Kennett shale, the beddings of the shale 
are distorted and drawn into drag folds. 

5) If this formation was a surface flow and the 
Kennett shale was later deposited upon it, as assumed 
by Mr. Kinkel, the base of the shale should contain 
some fragments of this formation, but nowhere along 
the contact are any such fragments to be seen. 

The second member of the startigraphic column, as 
to whose nature Mr. Kinkel and the writers differ, is 
the middle unit of the Balaklala rhyolite, which im- 
mediately underlies the upper unit previously de- 
scribed. It is of igneous derivation and has the same 
highly silicious character as the upper unit, but while 
Mr. Kinkel considers it to be a complex of lava flows 
and volcanic ejecta, the writers believe it to be largely 
sedimentary, consisting of conglomerates, grits, and 
sandstones. The pebbles of the conglomerates vary in 
shape from ovoid to subangular, while the grits and 
sandstones are arkosic. Many of the members are well- 
bedded. The writers consider these beds to be of 
marine origin, derived by erosion of the top of the 
underlying lower unit of the Balaklala rhyolite, which 
appears to be a thick volcanic complex of the same 
material as that constituting the upper and middle 
units. When a seat transgresses a land area, as the 
lower unit appears once to have been, the first sedi- 
mentary formation deposited thereon consists of the 
* coarser debris of the previous subaerial disintegration 
of this land surface, forming what is called a basal 
conglomerate, upon which finer sediments are later 
deposited. The writers believe this middle unit consti- 
tutes the basal conglomerate of the Kennett shale, 
which once directly overlay it, but from which it is 
now separated by the laccolith, forming the upper unit, 
which was intruded along the weak horizon formed by 
the contact between these two sedimentary formations. 
The sedimentary beds of the middle unit in places con- 
tain interbedded tabular bodies of igneous rock of the 
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same alaskitic composition as the upper unit. Mr. Kin- 
kel considers them to be lava flows, but the writers 
believe them to be sills, injected at the same time the 
upper unit was intruded, and derived from the same 
alaskitic parent magma. 


The second point of difference between Mr. Kinkel 
and the writers has to do with the orebodies of the 
district. The middle unit of the Balaklala rhyolite, 
previously described, is the chief ore horizon of the 
district and contains all the known commercial ore- 
bodies. This preference is to be explained by its wide 
areal extent and continuity; by the permeable nature 
of the conglomerates and the arkosic grits and sand- 
stones, which chiefly compose it and which are favor- 
able for penetration and travel by mineralizing 
agencies; and by the almost impermeable roof pro- 
vided by the massive laccolith constituting the upper 
unit. Some 15 separate mines have been operated in 
the district, and Mr. Kinkel appears to consider each 
one an individual ore deposit, formed by the ascent, 
along an underlying steeply dipping feeder fissure, of 
mineralizing agencies which, being unable to rise fur- 
ther because of the impenetrable barrier presented by 
the bottom of the upper unit laccolith, proceeded to 
spread out laterally in the subjacent middle unit, there 
depositing their mineral contents to form orebodies— 
all this despite the fact that extensive mine workings 
underneath the orebodies have failed to reveal a single 
feeder fissure that can be definitely and positively 
identified as such. Most of the fissures transecting the 
orebodies are wholly post-mineral, but where premin- 
eral the mineralization dies out with distance below the 
orebody and the fissures become completely barren, 
thus strongly suggesting that they were fed from the 
orebodies and not vice versa. However, until about 
25 years ago, this hypothesis of feeder fissures was the 
standard explanation used by geologists to account for 
ore deposits of this nature; but since then the fact has 
become generally recognized and accepted that in such 
situations mineralizing agencies can and do move lat- 
erally for long distances along certain favorable sedi- 
mentary beds, forming extensive horizontal or gently 
inclined sheetlike, ribbonlike, or pipelike orebodies of 
the type known as mantos. The source end of a manto 
orebody is always some cross-cutting structure, such as 
a fissure, shear zone or breccia pipe, but it.ds fed from 
below only at this point, and throughout most of its 
course the mineralizing agencies travel lengthwise 
along the ore horizon, depositing ore as they proceed. 
Manto orebodies are common in many American and 
Mexican mining districts, and their habits and, pecu- 
liarities are now well known. 


It is the opinion of the writers that all of the copper- 
zine mines of the West Shasta copper-zinc district are 
located on segments of a few manto orebodies, all of 
which, from their sources at‘the southwestern end’of 
the district, trend northeasterly, parallel to each other.. 
Except at their source ends they are confined to the 
middle unit, in which they occur at two or three sep: 
arate horizons, the top one just beneath the impervious: 
ceiling provided by the bottom of the upper unit, and 
the others ranging from 30 ft to 150 ft below. These 
manto orebodies are physically continuous but not 
commercially continuous, because they consist of len- 
ticular enlargements, connected by thinner ore, so that 
while each manto is ribbonlike in general plan it is not 
of uniform thickness throughout, and only the thicker 
portions have been mined in the past. Since their -for- 
mation these manto orebodies have been severed into 
a number of more or less separated segments by post- 
mineral faulting, aided by erosion, and these separated 
segments constitute the different mines previously 
worked. Fig. 15 provides two diagrammatic longi- 
tudinal sections along one of these mantos: the upper 
section is shown as originally formed, with arrows in- 
dicating direction of flow of the mineralizing agencies 
that deposited it; the lower section is shown according 
to the present condition after post-mineral faulting and 
erosion, the black portions representing mined sections 
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Fig. 15—Diagrammatic longitudinal section (above) along 
manto orebody before faulting and erosion. Arrows indicate 
direction of flow of mineralizing agencies, which formed the 


manto. Longitudinal section (below) along manto orebody 
after faulting and erosion. Black indicates stoped sections 
of manto orebody. 


and the hatched portions those sections which at pres- 
ent are unmined and in most cases unexplored. Few 
of the mined segments, however, have been completely 
worked out, and in most of them there still exist one 
or more faces of commercial ore, beyond which ex- 
ploration has not yet proceeded. Thus Mr. Kinkel’s 
illustration of the Shasta King orebody (Fig. 9 of his 
article) is misleading, because one unacquainted with 
the property would gain the impression from it that 
the orebody had been delimited and exhausted, where- 
as actually there is a full face of ore at the north end, 
beyond which there is more than a mile of virgin 
ground. 

The explanation of this circumstance lies in the fact 
that the ore of the district is a mixture of iron, copper, 
and zinc sulphides, which are so finely crystalline and 
so intimately associated that they cannot be separated 
by the gravity concentration methods prevailing in the 
past. Consequently: all the ores originally were di- 
rectly smelted in. copper blast furnaces, and when some 
30 years ago the smelters were permanently shut down 
by court injunction because of damage to surrounding 
vegetation by smelter smoke, there was no alternative 
at that time to complete suspension of operations, de- 
spite the fact that ore reserves were still available. 
In recent years differential flotation has been devel- 
oped to a point where it can successfully treat this ore, 
separating for further treatment a copper concentrate, 
a zinc concentrate, and an iron concentrate; but the 
resuscitation of the district by this method has been 
hindered by destruction of access roads in the creation 
of the Shasta dam and reservoir, and there has been 
subsequent delay in constructing replacements. 

Mr. Kinkel and the writers, in differing as to the na- 
ture of the orebodies, are also at variance as to the best 
methods for finding new ones and as to the potentiali- 
ties of the district as a whole. Mr. Kinkel assumes 
quite correctly that where the middle unit is hidden 
beneath the overlying upper unit, hitherto undiscov- 
ered blind orebodies can exist, but while he believes 
they can be found by observing certain structural con- 
trols such as folds and foliations, he offers no opinion 
as to exactly where such orebodies may lie or what 
their possible total value may be. The writers, on the 
other hand, believing that all unexplored segments of 
the manto orebodies are potentially commercial and 
probably comparable in value to those previously 
mined, are confident that they can predict the exist- 
ence and location of these hidden manto segments very 
closely by projecting between known segments, with 
due allowance for offsetting post-mineral faults; they 
also think that they can approximate the probable 
value of such unexplored manto segments. 

Thus during the 50 years that have elapsed since the 
discovery of the district, it has produced about 11,000,- 
000 tons of copper-zine ore, each ton averaging about 
0.028 oz gold, 1.47 oz silver, 3.15 pet copper, and 5.0 pct 
zinc, most of which was mined over 30 years ago before 
the district was paralyzed by court injunction. Gross 
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value of this production was about $125,000,000 at 
metal prices then prevailing, the zinc not being recov- 
ered, and would be over $350,000,000 under present 
conditions. The writers estimate that between 75 pct 
and 80 pct of the volume of the manto orebodies of the 
district are unexplored and still available, so that the 
total future production should be between three and 
four times that of the past, which would place the dis- 
trict among the five top copper mining districts of the 
U.S. 

A. R. Kinkel, Jr. (author’s reply)—It is unfortunate 
that in the summary paper on the massive sulfide de- 
posits of Shasta County, California, I was unable to 
present evidence for many of the statements made 
there, but this evidence is being presented in full in a 
forthcoming Professional Paper of the U. S. Geological 
Survey. 

All previous workers in the Shasta area have de- 
scribed the very puzzling and even contradictory field 
evidence relating to the origin of some of the rhyolitic 
rocks, and I have no doubt that theories of origin that 
differ both from my own and from those presented by 
the Messrs. Walker will be proposed for some of these 
rocks. Difficulties in interpretation are to be expected 
in bodies of rock where submarine extrusion of lavas 
is combined with archipelagic conditions of sedimenta- 
tion. A few statements in the discussion on my paper 
should be commented upon here, however, as they are 
matters of fact, and not of interpretation. 

The upper unit of the Balaklala rhyolite does con- 
tain tuff and volcanic breccia along the bottom and top 
of the unit, although it contains a surprisingly small 
amount of this material, as recognized by Messrs. 
Robert T. and Woodville J. Walker. Along the top of 
the upper unit over most of its extent, and extending 
beyond the limits of the upper unit, are very charac- 
teristic varieties of both bedded crystal tuff and shaly 
tuff. These tuffs contain large quartz phenocrysts and 
the same igneous material in the matrix as that which 
is found in the upper unit itself. The tuffs are inter- 
bedded with shaly material that grades upward locally 
into the Kennett shale and shaly tuff without a strati- 
graphic break. Minor bodies of the coarse-phenocryst 
rhyolite of the upper unit, however, are intrusive into 
the rocks below the Kennett, as plugs and dikes that 
accompanied the extrusion of the main cumulo-dome 
of coarse-phenocryst rhyolite. 

Thin sections and field mapping show that the 
material at the base of the “laccolith,’ which the 
Walkers consider shale that was “indurated” by heat of 
intrusion, is a silicified shaly tuff in which the silicifica- 
tion is spatially related to ore deposits. That is, over 
orebodies and in zones of hydrothermal alteration, the 
tuff along the top of the middle unit has been silicified 
until it resembles a felsite or hornfels, but away from 
orebodies the same bed can be traced into normal, un- 
silicified, rather soft tuff. 


At a few localities there are small angular disori- 
ented fragments of shale in a matrix that is a tuff, not 
an intrusive rock; the tuff matrix is bedded and con- 
sists of broken large quartz phenocrysts and sub- 
rounded, in part clastic, quartz and albite crystals. 
This tuff bed commonly shows irregular crumpling, not 
reflected in the beds above and below, that is caused 
by syngenetic sliding. The broken shale fragments 
probably came from thin beds or lenses of shale that 
were broken during syngenetic sliding. Most of the 
crumpling, which is a common feature of the shales 
and tuff at the base of the Kennett formation where 
this formation overlies the upper unit of the rhyolite, 
is due to differences in competence between the two 
rocks and is only developed in areas of folding. 

The writer did not intend to give the impression that 
no ore exists north of the Shasta King mine. The im- 
pression is probably due to the small size of the illus- 
tration of the mine, in which the northward extent of 
the ore is left open by question marks. The Messrs. 
Walker are correct in stating that ore is present along 
the north face of the Shasta King workings. 
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Methods Used to Determine Grade 
And Reserves of Pegmatites 


Recent work on pegmatites, especially in the Black Hills, 
S. D., has shown that reserves of unmined pegmatite can be 
computed by projections down the structure. The grade of a 
pegmatite deposit can be satisfactorily determined by meas- 
urements of grains on representative exposures, by production 


records, or by assays. 


by James J. Norton and Lincoln R. Page 


he methods for determining grade and 

reserves of pegmatites in advance of mining have 
been developed in recent years. When intensive 
work began on the economic geology of pegmatites 
during the early years of World War II, it was 
widely believed that grade and reserves could be 
estimated only in a most general way. The literature 
indicated that not all pegmatite deposits are un- 
predictable, but statements emphasizing unpredict- 
ability and irregularity seem to have been more 
widely accepted. 

Many standard references reflect the prevailing 
opinion that minerals are unsystematic in their oc- 
currence in pegmatites. Pegmatites have been de- 
scribed as “notorious for their irregular structure,” 
and minerals within pegmatites as “irregularly dis- 


tributed,” “irregularly disseminated,” of ‘erratic 
occurrence,” “proverbially erratic in distribution,” 
“characterized by extreme irregularity in... size 


and distribution of the essential minerals, and 
variety and proportion of the accessory minerals,” 
and “‘spotty.’** 

Over many years, however, geologic techniques 
have been applied with increasing success to eco- 
nomic analysis of pegmatites. Investigations, chiefly 
since 1939, have shown that mineral distribution 
and structure of pegmatites are largely systematic 
and that detailed geologic study can be used to pre- 
dict the size and shape of mineral deposits in peg- 
matites. 

Because the writers are most familiar with the 
pegmatites of the Black Hills, S. D., examples cited 
are from that area.* Pegmatites mined in other dis- 


* All examples are described more completely elsewhere.7 


tricts are similar to those in the Black Hills,* and the 
techniques described here have been applied by 
geologists and engineers working in other districts. 


J. J. NORTON, Member AIME, is a Geologist with the U. S. 
Geological Survey in Denver. L. R. PAGE is Assistant Chief Geolo- 
gist, U. S. Geological Survey, Washington, D. C. 

TP 42251. Manuscript, Feb. 1, 1955. New York Meeting, Febru- 
ary 1950. 
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In actual practice few pegmatite mine operators 
attempt to make accurate estimates of grade and 
reserves in advance of mining. Many deposits are 
too small for mining except on a very small scale; 
few pegmatite mines have more than ten employes. 
Hence there is little systematic preparation for min- 
ing, and the capital outlay may be so small that 
only a general knowledge of reserves is necessary. 
Technical personnel are rarely employed by peg- 
matite mine operators to make such estimates. In 
the future, however, as capital outlay becomes larger, 
estimates of grade and reserves will have to be more 
accurate. 


Geologic Aspects of Determining Grade and Reserves 

Estimating grade and reserves requires that the 
type of pegmatite, the size and shape, and the in- 
ternal structure be determined by detailed geologic 
mapping and careful mineralogic study. The wide 
variations in the texture and distribution of minerals 
within many pegmatite deposits make a thorough 
geologic study of this kind necessary before it is 
possible to decide what sampling methods should be 
used to determine mineral content or grade. 

Types of Pegmatites: The first step in economic 
appraisal of a pegmatite is to determine the min- 
eralogical and structural type. In general, pegmatites 
may be classified into two groups: 1) those in which 
component minerals are more or less evenly dis- 
tributed throughout the entire body and show rela- 
tively minor variations in texture, and 2) those in 
which component minerals have been segregated 
into units with recognizable differences in texture, 
mineralogy, or both. Johnston’ has classified these 
types of pegmatites as homogeneous and hetero- 
geneous, respectively. Cameron et al.” have used the 
terms unzoned and zoned for similar types. 

The difference between the homogeneous and 
heterogeneous types is of great commercial impor- 
tance. Homogeneous pegmatites can seldom be mined 
where the products are concentrated by the hand 
methods now commonly used, but they have been 
mined in a few places where a milling process has 
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been perfected for recovery of the useful minerals, 
and perhaps many more of them will be mined in 
the future by large-scale operations. In North Caro- 
lina and in Maine feldspar is recovered from 
fresh homogeneous pegmatite, and weathered homo- 
geneous pegmatite is mined for kaolin and scrap 
mica in southeastern U.S. and for cassiterite and 
tantalite in Africa.” 

Heterogeneous pegmatites are the source of most 
of the pegmatite minerals produced in the U.S. Peg- 
matites of this type that have been profitably mined 
contain units rich in minerals that can be extracted 
by selective mining: mica, spodumene, amblygonite, 
lepidolite, feldspar, beryl, and columbium and tan- 
talum minerals. 

A mineable concentration of industrial minerals 
(hereafter called a deposit) may consist of an entire 
homogeneous pegmatite, or it may be only part of 
a heterogeneous pegmatite. Detailed geologic map- 
ping is necessary to determine the size and shape 
both of the entire pegmatite body and of the com- 
ponent internal units. In homogeneous pegmatites 
the tonnage of rock containing any specific indus- 
trial mineral is the total tonnage of the pegmatite 
body; it can be found by projecting all local varia- 
tions of strike, dip, and plunge to determine size 
and shape of the deposit where it is not exposed. In 
heterogeneous pegmatites the location and attitude 
of the contacts of the internal structural units must 
be mapped to determine the size and shape of each 
unit that contains a concentration of an industrial 
mineral. 


Size and Shape of the Entire Pegmatite: The struc- 
tural relation between pegmatite and wall rock is 
of greatest importance in predicting the size and 
shape of pegmatite bodies in depth. Many pegmatites 
are, for the most part, concordant with foliation of 
the country rock, though locally the contact may be 
crosscutting. The plunge of such concordant peg- 
matites is essentially parallel to the average plunge 
of linear structures in the schist and the average 
plunge of the principal irregularities or rolls of the 
contact. Rolls ordinarily plunge parallel to the near- 
est crest or keel of the pegmatite, but in some places 
they merely reflect local variations in shape. Con- 
cordant pegmatites have a variety of shapes, but 
most are irregularly lenticular. The thickest part is 
commonly near the top or crest, and beneath the 
thickest part, or bulge, the pegmatite thins gradually 
down dip. The isopachous map of the two pegmatites 
mined at the Victory mine, Custer County, S. D., 
Fig. 1, shows this change of thickness with depth. 
Some concordant pegmatites such as the Victory 
(Figs. 1, 3, and 4) and the Edison (Fig. 5) are 
multiple intrusives consisting of two or more indi- 
vidual lenses separated by discontinuous schist part- 
ings. Other concordant pegmatites are arcuate, 
sinuous, or tabular. Recognition of these irregular 
shapes and their accurate projection along the plunge 
are necessary before reserves can be adequately 
estimated. 

Size and shape of discordant pegmatites are pre- 
dicted less readily than those of concordant pegma- 
tites, because they are controlled by fault planes, 
joints, or other structures that may not be well 
understood. Discordant pegmatites tend to be tabular 
but are commonly branching. Pegmatites of this kind 
have formed in granite, quartzite, gneiss, or other 
rock that was competent at the time of intrusion. 
Extensions of such deposits beyond known areas 
may be predicted in the same fashion as extensions 
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of metal veins that are controlled by similar struc- 
tures. Projections in depth must be based on the 
strike and dip of the host fracture and the plunge 
of fracture intersections. 


Size and Shape of the Internal Units of Hetero- 
geneous Pegmatites: The internal structure of a 
heterogeneous pegmatite must be understood in all 
dimensions before it is possible to determine the 
feasibility of selective mining for a particular peg- 
matite mineral. In recent work the internal units 
have been classified as zones, fracture-filling units, 
and replacement units.” Contacts between pegmatite 
units are for the most part gradational. Where 
gradation takes place over a distance measurable 
in feet, the contact must be defined by the occur- 
rence of a diagnostic mineral or group of minerals, 
by the percentage of an individual mineral, or by 
differences in texture. 


Most zones are continuous throughout the pegma- 
tite and reflect to some degree the shape of the peg- 
matite body. Outer zones are shaped more like the 
pegmatite as a whole than are inner zones and are 
more regular in thickness. Thickness of a zone may 
be uniform or may change gradually, rather than 
abruptly or irregularly. Some zones thicken or thin 
to form a series of discontinuous lenses, the long 
axes of which parallel the plunge of the irregularities 
in the pegmatite contact. A few zones are hood- 
shaped or trough-shaped and are approximately 
parallel to the crest or keel, respectively, of the 
pegmatite. Incomplete or irregular zones plunge 
parallel to the nearest keel or crest of a conformable 
pegmatite or to the intersection of the different seg- 
ments of a branching pegmatite. Shapes of various 
types of zones are illustrated in Figs. 2 through 5. 


Zones are more abundant and larger than frac- 
ture-filling and replacement units and are economi- 
cally the most important units in a pegmatite. Thus 
it is essential that they be recognized and that their 
shape and attitude be determined in detail before 
calculations of tonnage are made for reserve esti- 
mates. Fracture-filling and replacement units are 
rarely large enough to be mined. Depth extensions 
of some fracture-filling units can be projected along 
the strike and dip of the controlling fracture, but 
many of these bodies follow irregular, intersecting 
fractures. These units may be zoned; if so, the zones 
reflect the shape of the fracture-filling unit. Replace- 
ment units, on the other hand, have an extremely 
irregular and unpredictable shape, except where 
controlled by such structures as fractures or gneis- 
soid banding. The size of a replacement body can 
be predicted if the structural control can be recog- 
nized and is thoroughly understood, but predictions 
are less accurate than for other units. In general, 
prediction of size and shape of replacement units 
in pegmatites is similar to prediction of the size and 
shape of contact-metamorphic deposits. Few replace- 
ment units are large enough to be mined profitably. 
The spodumene deposits at Tinton, S. D.,““* are the 
best examples of large deposits in the U.S. 


Mineralogy and Texture of Deposits: Industrial 
minerals produced from heterogeneous pegmatites 
are concentrated in definite zones or in shoots or 
other readily defined parts of these zones. The con- 
tent of any reasonably large block of rock, at least 
several hundred tons in size, is normally about the 
same as the average content of the entire deposit. 
Irregularities of mineral distribution and variations 
in the size of crystals or aggregates may cause small. 
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parts of the zone to be much richer than the zone 
as a whole. 

In general, the texture of a pegmatite is more 
nearly that of a porphyritic than an equigranular 
rock. Differences in grain size of minerals from one 
deposit to another may be extremely great. In some 
deposits all minerals or aggregates occur in masses 
of about the same size, but in others individual 
crystals or aggregates range from a fraction of an 
inch to more than 40 ft long. The matrix commonly 
consists of grains only a few inches in diameter. 

Distribution of minerals within most zones is fairly 
uniform, though small blocks of rock may be very 
rich or very lean in certain minerals. On the other 
hand, mineral proportions in a zone may change 
gradually along the structure, as at the Hugo peg- 
matite, Fig. 2, where potash feldspar is abundant in 
the top of a perthite-quartz-albite pegmatite unit 
but decreases to zero with depth. Such zones can be 
subdivided into smaller units on the basis of the 
*“ percentage of perthite, and the content of these 
units can be satisfactorily estimated. This type of 
gradation in the potash feldspar content is char- 
acteristic of pegmatites that contain perthite-rich 
hoods. Similarly, the proportion of muscovite in 
wall zones that consist essentially of quartz, albite, 
and muscovite may show a gradual change with 
depth. Muscovite-bearing zones of this type com- 
monly are lean in mica adjacent to a perthite-bear- 
ing hood, but the quantity of muscovite increases 
downward until, below the perthite-bearing hood, 
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mica is very abundant. Some of the richest mica 
mines in the Black Hills, such as the White Spar and 
Buster Dike, were discovered beneath a perthite- 
rich hood. At depth a few pegmatites may become 
leaner in large muscovite and possibly in total mus- 
covite. At one end of the surface exposure the New 
York pegmatite has what is probably a remnant of 
a perthite-rich hood surrounded by a narrow quartz- 
albite-muscovite zone that contains far too small a 
quantity of large muscovite to be mined for sheet 
mica. In the upper levels of the mine the quartz- 
albite-muscovite zone is said by Sterrett” to have 
contained 6.6 pct recoverable crude mica in rock 
that was being mined at the time of his visit in 1908. 
During mining on the 300 level in 1943 only 1.6 pct 
mica was recovered from the rock. 

The richest parts of some zones form shoots that 
plunge in the same direction as the pegmatite. The 
quartz-albite-muscovite wall zone at the New York 
mine, for example, contains shoots that are richer 
in mica and contain more large mica crystals than 
the rest of the zone. Much of the mica produced in 
North Carolina has been from rich shoots in pegma- 
tite otherwise too lean to be mined. 

Another type of change in mineral proportions 
from one part of a pegmatite to another is illus- 
trated by certain spodumene-bearing pegmatites, 
such as the Mateen and the Edison, Pennington 
County, S. D. The spodumene is pseudomorphically 
altered, either partly or wholly, to micaceous and 
clay minerals. Where the alteration is complete, the 
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shape and cleavage of the spodumene crystal can 
still be recognized, even though virtually no true 
spodumene remains. Degree of alteration increases 
from the inner part of the pegmatite outward and 
from the top downward. The proportion of spodu- 
mene crystals, including material that has been 
pseudomorphically altered, may be essentially the 
same from one part of the spodumene-bearing unit 
to another, but the proportion of lithia and un- 
altered spodumene changes gradually from one place 
to another. Changes may be so systematic that lines 
of equal lithia content can be drawn on maps or 
sections.” 

Changes in mineral content across zones are nor- 
mally greater than changes parallel to the structure. 
Most mica-bearing wall zones, for example, are 
richest in the outer part, and the mica content grad- 
ually decreases inward. The mica and beryl content 
of intermediate zones commonly increases from the 
outside to the center and decreases from the center 
to the inside of the zone. Similar variations occur in 
zones that contain other industrial minerals, and as 
a result the thickness that can be mined varies with 
changes of economic conditions. 

Mineral distribution of replacement units is less 
constant and not so well understood as in zones and 
fracture-filling units. The proportion of relic min- 
erals and of introduced minerals in the replacement 
units of the Hugo pegmatite varies greatly and un- 
predictably, Fig. 2. 


Processing and Marketing Factors Affecting 
Reserve Estimates 


Pegmatite mining operations range in size from 
one-man enterprises to companies with a capital 
investment of several million dollars. In general, 
however, the mines are small in relation to mines 
in most other parts of the mineral industry. Opera- 
tions differ greatly in efficiency, and a deposit that 
may be very profitably operated by one may be un- 
profitable for another. Many operations that are 
relatively large, by the standards of the pegmatite 
mining industry, make no use of technical personnel. 

A small pegmatite mine may be worked by only 
one or two men, using little mechanical equipment, 
and the mining method may be a simple process of 
following the ore in a deposit that is small and has 
a simple structure. Hand-cobbing is the standard 
concentrating method, and it is generally the only 
processing that a small miner provides before sell- 
ing to a local buyer. An operator of this sort can 
move readily from one deposit to another that ap- 
pears more promising. He can change his mining 
from one pegmatite mineral to another as market 
conditions change. Such mines may operate on a 
week to week basis, and there is ordinarily no real 
necessity for making careful reserve estimates using 
controlled techniques. 

Larger operators, on the other hand, may work 
many properties and do the work on a much larger 
scale, using mechanical equipment and milling meth- 
ods that add greatly to the capital costs. To justify 
the necessary costs of such operations, they must 
make reserve estimates. 

Evaluating the probable financial rewards from 
such an enterprise requires detailed knowledge of 
many problems in processing and marketing peg- 
matite minerals. Each mining company is engaged 
primarily in the feldspar, mica, or lithium busi- 
ness. A feldspar company concentrates its mining 
on the feldspar of a pegmatite, although other min- 
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erals that are recovered are sold as byproducts. If 
the pegmatite contains a unit lean in feldspar but 
rich in other industrial minerals, the feldspar com- 
pany may not mine it. A single pegmatite may be 
mined successively by different companies as a 
lithium pegmatite, a mica pegmatite, and a feldspar 
pegmatite. 

A feldspar company sells its feldspar in a ground 
state at about twice the price of hand-cobbed feld- 
spar produced by small mine operators, who ordi- 
narily sell their product to a feldspar company for 
grinding and marketing in the regular trade chan- 
nels. Evaluation of the feldspar company operation 
must be in terms of its ability to produce and sell 
ground feldspar, unless the economics of mining can 
be completely separated from milling. 

Similarly, companies that are primarily mica 
miners may grind their own scrap mica and rift and 
trim their own sheet mica. Value of the sheet mica 
recovered from crude mica depends very largely on 
efficiency of the rifting and trimming shops, which 
varies greatly from time to time. At the beginning 
of World War II there were very few experienced 
mica workers in the Black Hills, and recovery of 
sheet from crude mica was low. As the mica workers 
became more experienced, recovery became much 
greater, and the dollar value of mica produced from 
each mine was higher. 

Companies mining lithium minerals ordinarily 
process the material themselves and sell it eventu- 
ally as lithium chemicals. Unprocessed lithium min- 
erals are sold from only a few domestic mines, and 
the price is a nominal one that may not at all times 
be the same as it would be if all the lithium minerals 
changed hands in the open market before going to 
chemical plants. 

Adequate evaluation of a deposit must include 
consideration of all possible products. Recovery of 
5 lb of byproduct beryl per ton of rock would, at a 
price of $600 per ton, increase the value of the rock 
mined by $1.50 per ton. One pound of tantalite per 
ton might increase the value by twice this amount. 

Appraisal of a pegmatite deposit must be not only 
in terms of the overall mineral content, but also in 
terms of the recovery in the process to be used, 
whether it be hand-cobbing or one of the milling 
methods of varying degrees of efficiency that have 
been used for pegmatite minerals. Most of the mus- 
covite in mica-bearing zones is too small to be re- 
covered by hand sorting or to be cut into sheet mica. 
The productive zone of the Victory pegmatite, for 
example, was estimated to contain about 24 pct 
muscovite, but only one third was recovered as 
crude mica suitable for rifting and trimming into 
sheet mica. It would be of no interest to the operator 
of this mine that his mica-bearing zone contained 
24 pct muscovite, because only part of the muscovite 
could be recovered and used for the purpose for 
which he was mining the pegmatite. 

Some of the industrial minerals of pegmatites 
may be intergrown with deleterious minerals seri- 
ously affecting the value of the deposit. Potash feld- 
spar containing more than a negliyvible quantity of 
intergrown tourmaline, garnet, or biotite is value- 
less for ceramic uses. In many deposits potash feld- 
spar is intergrown with quartz to form graphic 
granite. The quartz cannot be separated in mines 
where the concentrating method is hand cobbing; 
consequently the aggregate must be sold as a low- 
grade product at a low price. Intergrowths of 
plagioclase with potash feldspar may also lower the 
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Fig. 2—Geologic sections, Hugo pegmatite, Keystone, S. D. 


value of the feldspar product. Where this type of 
feldspar-bearing rock is beneficiated by flotation, 
the resulting product normally contains considerable 
quantities of soda feldspar and has a lower price 
than clean potash feldspar. Similar intergrowths of 
amblygonite with quartz or plagioclase, muscovite 
with quartz, beryl with quartz and plagioclase, and 
columbite-tantalite with quartz or plagioclase make 
hand methods ineffective for recovering the min- 
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erals sought. Most plagioclase of pegmatites is inter- 
grown with quartz and cannot be marketed as soda 
feldspar. The chief reason that many pegmatite 
deposits cannot be mined at the present time is that 
intergrown minerals cannot be separated profitably 
at prevailing prices. 

Because individual minerals range widely in 
chemical composition it is necessary to know the 
composition of the industrial minerals of each de- 
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Fig. 3—Geologic map of the 60 level, Victory mine, Custer County, S. D. 


posit within a single pegmatite. The value of spodu- 
mene, amblygonite, and lepidolite depends directly 
on the lithia content. The idealized formula for 
spodumene indicates a lithia content of 8.0 pct, but 
nearly all spodumene concentrates contain 4 to 7 
pet lithia, largely because sodium and other ele- 
ments occupy the lithium positions in the lattice. 
Likewise, in beryl the BeO content, on which the 
price depends, may range from 10 to 14 pct. Iron in 
potash feldspar may subject the product to penal- 
ties. On the other hand, high aluminum content in 
potash feldspar is considered desirable. 

Variations in the properties of muscovite mica 
having influence on the market value have been 
discussed many times, most recently by Jahns and 
Lancaster.” The physical properties of muscovite 
determine whether or not it can be used as sheet 
mica or sold only as scrap. Value of trimmed sheet 
mica depends largely on the size of the sheets. Physi- 
cal defects such as waviness or inclusions also affect 
the value of sheet mica. During World War II when 
the Federal Government purchased the entire sheet 
mica output of all mica mines—except those that 
produced chiefly stained mica—most of the sheet 
mica produced in the U.S. was purchased at a fixed 
price per pound without regard to size or quality. 
In normal times, however, the better the quality 
and the greater the size of sheet mica, the higher 
its value. 


Determination of Grade 


Because the term grade is used with several mean- 
ings in pegmatite mining, its common use in refer- 
ence to the metal content of an ore deposit may be 
confusing. Grade is used in commerce to indicate 
the size of sheet mica and also the quality of potash 
feldspar. 

Statements about grade should be carefully quali- 
fied. For example, a figure for the overall metal 
content is misleading if the metal occurs in two 
minerals and only one of these minerals can be used 
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commercially. Statements expressing the total quan- 
tity of a mineral in a deposit do not convey sufficient 
information if, as in sheet mica deposits, the crystals 
recovered must be greater than a certain size. 

The grade, or mineral content, of a pegmatite 
deposit may be determined by assays, grain meas- 
urements of representative faces, or production 
records. It may be expressed as: 1) percent of min- 
eral, 2) percent of recoverable mineral, 3) percent 
of oxide or element, 4) dollar value of the indus- 
trial minerals per ton of rock, or 5) dollar value of 
recoverable minerals per ton of rock. The choice 
will depend on the purpose for which the grade 
estimate is to be used. 

Grade expressed in terms of percent of mineral 
may not be useful because most pegmatite mines 
use hand sorting, and in these mines the total per- 
centage of mineral is of no practical interest. If, on 
the other hand, mechanical methods of beneficiation 
are to be used, it is necessary to know the total per- 
centage of mineral. The total percent of mineral is 
also a convenient way of expressing the grade of 
potential reserves. 

The method of expressing grade in terms of per- 
cent recoverable mineral unfortunately makes the 
grade figure depend in part on the mine efficiency. 
A better figure can be obtained by assuming that 
all mineral grains greater than a certain minimum 
size can be recovered. Minimum size for mica books 
that will give sheet or punch mica is about 
1%x1%x¥ in. Feldspar, beryl, spodumene, ambly- 
gonite, or lepidolite seldom can be sorted economi- 
cally in pieces less than 1% in. average dimension. 

Where more than one mineral is produced from 
a pegmatite deposit, it may be desirable to express 
grade by a single figure in terms of dollar value per 
ton of rock. Such a figure must be used in conjunc- 
tion with percentage figures, which remain constant, 
whereas grade expressed in terms of dollar value 
varies with prices change. 

Assays of Channel, Bulk, or Core Samples: Chemi- 
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Table I. Results of Assays by Various Methods, Metals Reserve 
Helen Beryl Pegmatite, 


Samples from the 
Custer County, S. D.* 


BeO Content Determined by 


Chemical Assays 


Measuring Beryl on Exposed Faces Spectrographic 
ecke Semple, Measured, Beryl, BeO, Geological Analyst Geological Analyst Analyst Determi- “Best 
: Sq Ft Pet Pet** Survey A Survey A B nations Shift’’+ 
iL 6,400 80.5 0.25 0.03 0.03 0.09 
0.60 0.08 0.03 0.09 0.07 0.06 0.15 0.13 0.15 
: ons oan 0.23 0.03 0.03 0.05 0.04 0.16 0.09 0.12 0.12 
: ae ee 0.76 0.10 0.08 0.07 0.03 0.13 0.16 0.08 0.15 
0.23 0.03 0.006 0.02 0.12 0.07 0.03 0.04 
4 ‘ - 36.0 0.60 0.08 0.08 0.09 0.10 0.16 0.14 0.34 0.33 
omposite of samples 1 to 6 0.04 — 0.04 _- 0.12 0.12 0.14 
Weighted averaget of samples 1 to 6 0.05 0.04 0.06 0.04 0.14 0.11 0.15 0.15 
Average BeO content from each method 0.05 0.05 0.11§ 


* After L. R. Page et al., Ref. 7, p. 130. 


= Refractive indices show that average BeO content of the beryl is 12.5 pct. 
7 The meaning of the phrase best shift was not explained by the analyst. 


t Weighted according to number of pounds in each sample. 
§ Column headed best shift disregarded. 


cal and spectrographic assays of channel, bulk, or 
core samples have limited value unless the min- 
eralogy of the deposits is well understood. They have 
been used chiefly to determine the BeO, Li.O, Ta.O., 
and Sn content of pegmatite deposits, but results 
may be misleading. The BeO assay will include not 
only BeO in recoverable beryl but also in minerals 
not saleable at present or too fine grained to be re- 
covered by hand methods. Spodumene is the peg- 
matite mineral most commonly used in the U.S. for 
production of lithium metal and salts, but assays 
for lithia will also include the lithia in amblygonite, 
triphylite-lithiophillite, and lithia micas. Derry” has 
evidence that appreciable quantities of lithia may 
occur in feldspar from spodumene pegmatites in 
Quebec. Similarly Ta,O; and Sn may be in more 
than one mineral. 

To determine how large a sample must be in order 
to be representative, it is necessary to consider: 
1) average grain size, 2) range in grain size, and 
3) evenness or unevenness of the distribution of the 
mineral sought. It is apparent that a fine grained, 
evenly distributed mineral can be adequately sam- 
pled by small, widely spaced channel samples or 
drill core samples. A mineral showing wide varia- 
tion in grain size or very uneven distribution can 
be sampled only by taking a large volume of rock. 
Beryl deposits in the Bob Ingersoll No. 1 and No. 2 
pegmatites, Keystone, S. D., would require bulk 
samples so large that the sampling operation would 
be similar in magnitude to the actual mining opera- 
tion. Of the 150 tons of beryl produced from the 
Bob Ingersoll No. 1 pegmatite, about 100 tons have 
been from crystals and aggregates of crystals rang- 
ing from 11 to 61 tons. Similarly, 117 tons of the 
total production of about 300 tons of beryl from the 
Bob Ingersoll No. 2 pegmatite was from crystals 
and aggregates ranging from 6 to 34 tons.” Average 
beryl content of each of these deposits is probably 
less than 1-pct. It is apparent that a bulk sample 
would have to be exceedingly large, and other meth- 
ods of determining beryl content may be more suit- 
able. Many other beryl deposits, however, are 
amenable to normal sampling procedures because 
they are evenly grained and evenly distributed. 

Grade Determined from Grain Measurements: 
Measurements of the area of a mineral on repre- 
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sentative exposures can be used satisfactorily to 
determine grade except where the pegmatite is very 
fine grained. This method is essentially a modifica- 
tion of areal methods of determining rock composi- 
tion that date back to Delesse in 1847.” Total area 
of the rock exposure and area of the mineral can 
be used to obtain volume percent, or corrections 
can be made for differences in specific gravity, and 
the percentage of mineral by weight can be deter- 
mined. As in other types of sampling it is necessary 
to consider grain size and evenness of distribution in 
determining how large an area should be measured. 
Experience has shown that for rocks with an average 
grain size of 2 in. or less, 100 sq ft normally is 
adequate; for an average grain size of 6 in., 1000 
sq ft should be measured; for 12 in., 5000 sq ft. 

Care must be exercised to insure that the faces 
are representative. Accessible exposures in many 
abandoned mines are virtually barren because they 
were stripped of all valuable minerals when the 
mine was closed, and selection of representative 
faces is difficult or impossible. 

The grade of beryl determined by grain measure- 
ments on the walls of six sample cuts in the Helen 
Beryl pegmatite, Custer County, S. D., is compared 
with spectrographic and chemical assays in Table I. 
Chemical assays by four different analysts failed to 
check each other satisfactorily. Two spectrographic 
analysts obtained approximately the same results. 
The spectrographic assays and grain measurements 
each indicate a grade of 0.05 pct BeO, but they are 
not in agreement with the 0.11 pet BeO determined 
chemically. 

Grain measurements have been used successfully 
to predict the beryl content, before mining, of a 
block of beryl-bearing pegmatite at the Wood Tin 
mine, Pennington County, S. D.” 

Large-scale maps and sections made in 1943 to 
show the size and distribution of large muscovite 
books in the underground workings at the White 
Bear pegmatite, Custer County, S. D., show that 66 
sq ft, or 4.2 pet recoverable mica, were exposed in 
an area of 1560 sq ft of pegmatite. Actually, from 
900 tons of rock mined, about 37 tons, or 4.1 pct 
mica, were recovered. 

Mineral measurements show that the average 
beryl content of the drill core in the Helen Beryl 
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Table Il. Muscovite Content of Plagioclase-Quartz-Muscovite Zone, Hot Shot Pegmatite, Custer County, S. D.* 


Muscovite in Driil Core, 


Muscovite, Estimated Muscovite, Measured 


Estimated Percent Content** Content** 
Holes Area Examined, Muscovite, Area, Muscovite, 
Location Hole 1 Hole 2 Hole 3 1,2,and3 Sq Ft Pet Sq Ft Pet 
Hanging wall 12 4 287 19+ 125 16 27 12 
Footwall 10 a 17 TS 30 8 17 6.5 
Both foot and 12 6 23 16 155 14 44 10 


hanging wall 


* Determined from grain measurements on drill cores and from visual estimates and grain measurements in underground workings. 


+ Erroneously reported in Ref. 21. 


pegmatite is 0.19 pct. Spectrographic assays of the 
core samples, converted from percent BeO to per- 
cent beryl, indicate that the drill core contained 
0.21 pet beryl.” Thus, for all practical purposes, the 
mineral measurements were as good as the spectro- 
graphic assays and less expensive. Very little addi- 
tional work was required by the geologist, M. H. 
Staatz, who logged the core, to measure the observed 
beryl crystals. It is doubtful that the cost of measur- 
ing all beryl crystals found in the core exceeded 
$100. The cost of splitting and grinding the core, 
transporting the samples, and having the samples 
assayed was more than $1000. 

The muscovite content of the plagioclase-quartz- 
muscovite wall zone of the Hot Shot pegmatite was 
determined,” as shown in Table II, by visual esti- 
mate of the muscovite content of three drill cores, 
by visual estimate of the quantity of muscovite ex- 
posed in this same zone in the underground work- 
ings, and by grain measurements in the underground 
workings. Differences in the figures for mica content 
in the drill cores are typical of the differences to 
be expected in small samples. The average value of 
these figures, weighted according to the length of 
drill core, shows the deposit contains about 16 pct 
muscovite. All values for mica content, whether 
high or low, should be used in obtaining weighted 
averages. The not uncommon practice of arbitrarily 
discarding all high values is not justified. In pegma- 
tite containing very coarse crystals some small sam- 
ples are expected to be very rich in muscovite where 
one or more large crystals are cut by the drillhole. 
These high values may compensate for other sam- 
ples containing no muscovite. The largest samples 
in Table II are areas in the underground workings 
where the muscovite content was visually estimated 
as 16 pct for the hanging wall part of the zone, 8 pct 
for the footwall part of the zone, and 14 pct for both 
areas. These figures differ somewhat from those ob- 
tained from drill core 1, which cut the pegmatite 
near the underground workings, and from those 
obtained by measurements of mica crystals in 
smaller areas. The drillhole samples, however, pro- 
vide an estimate of mica content that is adequate 
for most purposes. 

A method similar to the Rosiwal technique can be 
used to determine grade by measuring the inter- 
cepts of grain boundaries on lines at fixed intervals 
on an exposure. This method is especially useful 
for coarse grained pegmatite. Jahns“ has made 
measurements of this kind with a mechanical device 
consisting of a wheel and attached counters to re- 
cord revolutions. 

Microscopic grain counts of crushed samples have 
been used successfully by the U. S. Bureau of Mines 
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to determine grade.” This method is most accurate 
if the size distribution of the crushed fragments of 
the various minerals is determined. In a crushed 
sample of quartz-spodumene pegmatite, for ex- 
ample, average size of the spodumene fragments 
may be smaller than the average size of the quartz 
fragments, and grain counts would indicate that the 
spodumene content is higher than it actually is. If 
each sample is sieved and spodumene grains are 
counted in each sieve fraction, the spodumene con- 
tent of each sample can be readily determined by 
using the percent spodumene and the total quantity 
of material in each sieve fraction to compute a 
weighted average. 

Microscopic grain counts may be impracticable 
for low grade deposits, especially if the minerals are 
not readily distinguishable by optical methods. An 
ore that contains 0.5 pct beryl has only 5 grains in 
1000, and an accurate microscopic grain count 
would be long and tedious because the optical 
properties of beryl are somewhat similar to the op- 
tical properties of quartz, plagioclase, and musco- 
vite. Stevens” has successfully used microscopic 
grain counts to determine the beryl content of prod- 
ucts of a USBM pilot mill at Rapid City, S. D. 

Minerals such as microlite that have a high speci- 
fic gravity can be concentrated by means of heavy 
liquids before microscopic grain counts are made. 

Grade Determined from Production Records: 
Production records show how much of an individual 
mineral can be recovered by any particular method 


Table III. Mica Recovery, New York Mine, Custer County, S. D. 


Mica Recovered 


Rock Mined, Weight, 
Date Tons* Tons* Pet 
June 1 to 
July 22, 1943 580 10.5 1.38 
June 1 to 
Sept. 17, 1943 1800 28 1.6 
June 1 to 
Nov. 17, 1943 2000 32 1.6 


* Based on foreman’s records and measurements of volume of rock 
mined. Published with permission of the owners. 


of concentration. If such records are not available, 
a useful substitute method is to take large samples 
and concentrate them under conditions simulating 
actual mining. Production records were used with 
success during World War II in determining the 
tenor of sheet mica deposits in pegmatites. The 
tenor of such deposits can also be obtained by grain 
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EXPLANATION 
53604 

Quartz - perthite- 

albite pegmatite 
53204 

Albite-quartz-muscovite 
pegmatite 
5280 
120-foot level —— 
Mica schist 
5260 

SECTION, DIAMOND DRILL HOLE NO| | 


Pegmatite contact 


Contact between 


pegmatite units 
53804 
Limit of underground 
workings 
53601 
5340) 
60-foot level Viz 
53207 
SCARE 
ie) 20 40 60 8O Feet 
5280) 120-foot level —— 
5260 
SECTION ,DIAMOND DRILL HOLE NO.2 


Fig. 4—Geologic sections, Victory pegmatite, Custer County, S. D. 


measurements of mica books that are larger than 
the smallest marketable cut mica. 

The percent recoverable mica in the deposit 
worked at the New York mine during 1943 was de- 
termined at three different times while the mine 
was in operation. Table III shows that the percent 
mica recovered from June 1 to July 22, 1943 was 
1.8 pet, and that by September 17, 1943 the figure 
for recovery was reduced to 1.6 pct. The recovery 
figure was still 1.6 pct when the mine closed No- 
vember 17, 1943. The consistency of the recovery 
figures seem to indicate that the tenor of any one 
large block of rock is essentially the same as that 
of any other large block in the mica zone that was 
mined. 

Careful estimates and measurements of the min- 
eral distribution on exposures in the lower 42 ft of 
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the vertical shaft and in crosscuts of the Hot Shot 
pegmatite were compared with the results obtained 
by the USBM” in hand sorting perthite, muscovite, 
and phosphate minerals from the rock obtained 
from these workings. Table IV shows the quantity 
of each of these minerals estimated to be in each 
round, and also the quantity of each of these min- 
erals that was actually recovered. Thus, this table 
shows approximately how much of each mineral 
is lost during hand sorting of pegmatite. Rounds 
estimated to contain relatively small quantities of 
muscovite were also, in general, those in which 
small proportion of the total estimated quantity of 
muscovite was recovered. In only a few of the 
rounds estimated to contain less than 500 lb of mus- 
covite was more than 10 pct of the total estimated 
quantity of the muscovite recovered. On the other 
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hand, in rounds estimated to contain more than 500 
lb of muscovite, much of which was in large books, 
recovery was somewhat higher. The recovery of 
perthite shows a similar tendency. 


Determination of Reserves 


Reserves of pegmatite minerals can be calculated 
after the pegmatite has been mapped, geologic sec- 
tions constructed, and grade of zones that attract 
interest determined. For computing reserves of any 
particular category, the pegmatite can be divided 
on the basis of grade into suitable blocks of ore. 
Geologic sections, properly spaced to show varia- 
tions in shape and size, can be used to determine 
the average cross-sectional area of an ore block, 
and the volume of the block can be obtained by 
multiplying by the distance between geologic sec- 
tions. At some properties, as at the Edison, Fig. 5, 
geologic plans at fixed vertical intervals are readily 
used to determine the volume of a block of ore. 
Volume determinations calculated from geologic 
sections should not differ significantly from those 
obtained from plans. Specific gravity of the peg- 
matite can be estimated and used to convert volume 
to tonnage. One ton of pegmatite in place normally 
occupies about 12 cu ft. 

The problem of determining the tonnage of the 
deposit is the same regardless of the mineral 
sought. In determining grade, however, each peg- 
matite mineral presents certain problems that are 
peculiar to that mineral: 

Mica: Evaluation of a mica deposit involves de- 
termination of 1) total mica content, 2) content of 
recoverable mica, 3) content of sheet in mica re- 
covered, 4) content of various sizes of sheet mica, 
and 5) content of various qualities of sheet mica. 
These can be expressed in percentage terms, but the 
only simple way to express the value of the deposit 
is in terms of dollar value of the recoverable mica 
per ton of rock. Value of byproducts and cost of 
rifting and trimming the mica can also be incor- 
porated in this figure. The term grade may be con- 
fusing if used in reference to the amount of mica in 
a deposit, as it is used extensively in the sheet mica 
industry to indicate the size of trimmed sheets. 

The Victory and the Tin Queen pegmatites, near 
Custer, S. D., show how a figure expressing dollar 
value per ton of rock can be useful for mica de- 
posits. The Victory pegmatite, from which about 
8.8 pct crude mica was recovered, produced an av- 
erage of 19 lb of sheet and 65 lb of washer punch 
and other byproduct mica per ton of rock mined 
in 1943 and 1944. On the other hand, only 1.6 pct 
erude mica was recovered from the Tin Queen peg- 
matite and only 1.3 lb of sheet and 3.8 lb of washer 
punch were produced per ton of rock mined. Thus 
the Victory pegmatite, which produced 5% times 
as much crude mica per ton of rock as the Tin 
Queen, produced about 15 times as much sheet mica 
and 17 times as much washer punch and other by- 
product mica as the Tin Queen. Furthermore, rift- 
ing and trimming costs for the Tin Queen mica were 
probably greater than for the Victory mica, and to 
compare these two mines it is necessary to subtract 
the rifting and trimming costs from the value of 
the mica. The Tin Queen pegmatite was a source of 
considerably greater quantities of byproduct min- 
erals, such as feldspar, amblygonite, and beryl, than 
the Victory pegmatite. If the dollar value of these 
minerals per ton of rock mined is taken into con- 
sideration, then the value of the products of the 
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Tin Queen pegmatite is increased by about 50 pct. 
The only way to compare these two mines in simple 
terms is to determine the dollar value of the min- 
erals produced per ton of rock. 

Of all the mica mines in the Black Hills, the Vic- 
tory is the one for which the most data are avail- 
able on predicted reserves compared with actual 
production. The history of the authors’ reserve 
calculations at this mine, therefore, will be given 
in detail to illustrate the degree of accuracy ob- 
tainable in estimating reserves of mica. The Vic- 
tory program pegmatite was carefully studied by 
the USGS in 1943 and 1944* and was core drilled 
by the USBM in February 1944.” The pegmatite is 
a multiple intrusive consisting of two structurally 
independent, but connected, bodies that continued 
down the plunge as far as the 120 level, Figs. 1, 3, 
and 4. 

Reserves in unmined rock above the 120 level 
were estimated as of March 1, 1944. The crude mica 
recoverable was 7.6 pct of the rock mined on the 60 
level.** The waste rock from mining in the upper 


** Actually the figure originally was 5.77 pct, but it was based on 
erroneous data. The chief error was an incorrect assumption by the 
mine operator on the capacity of the mine cars. 


levels contained 17.1 pct total mica according to the 
USBM.” Average muscovite content in two drill- 
holes that cut the pegmatite near the 120 level was 
32 pct, suggesting that the muscovite content of 
the pegmatite might increase downward. 

On the basis of information from geologic map- 
ping and diamond drilling, the quantity of unmined 
pegmatite estimated to be above the 120 level on 
March 1, 1944 was 4450 tons. If the content of re- 
coverable mica were 7.6 pct, a total of 338 tons of 
mica could be produced. When the mine closed at 
the end of 1944, the operators’ records showed that 
285 tons of mica had actually been produced from 
this block. Computations based on the isopachous 
map, Fig. 1, showed that 3250 tons of pegmatite 
were mined. These figures indicate that the pegma- 
tite contained 8.8 pct recoverable mica. 


Table V. Percent of Lithia Found in Analyses of Spodumene-Bearing 
Samples from the Edison Mine, Pennington County, S. D.* 


U.S. 
Sample Bureau Ana- Ana- Ana- Ana- Ana- Ana- 
Selected of lyst lyst lyst lyst lyst lyst 
As Mines A B c D E F 

Low 0.79 0.94 Trace 1.10 1.24 1.38 1.48 

Medium 2.80 3.12 2.88 3.50 3.50 3.52 3.55 
make) 

High 4.63 5.54 5.54 6.05 6.00 5.41 5.74 
5.50 


* See Ref. 31, Table VII. 


The isopachous map also showed that about 2550 
tons of pegmatite remained unmined and that on 
March 1, 1944, when 4450 tons of pegmatite were 
predicted on the basis of geologic sections, the ac- 
tual quantity was about 5800 tons, indicating an 
error of 23 pct. Similarly there was a 14 pct error 
between the mica content of 7.6 pct indicated by 
the original data and the 8.8 pct actually obtained. 
The discrepancy between the original and final 
figures for mica content can be explained partly 
by the fact that during the later months of the oper- 
ation the broken rock was hand sorted for mica 
twice, instead of once. : 

Lithium Minerals: The principal lithium minerals 
produced from pegmatites are spodumene, lepido- 
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Table VI. Predicted Grade and Reserves Compared with Production Figures, 
Edison Spodumene Mine, Pennington County, S. D. 
Between Adit Level 
Above Adit Level and 50-Ft Level 
Spodumene- Spodumene- 
Bearing 
Pegmatite, egmatite, 
Reserves Tons LisO, Pet LisO, Units Tons LizO, Pet LizO, Units 
Based on geo- 40,000 1.28 51,200 64,000 1.03 65,900 
logic sections 
Predicted” on 85,000 1.04 88,400 
logic plans 
Mined 1945 to 1949* 34,000 135: 45,900 30,000 1.02 30,600 
Estimated reserves, Several 40,000 to 
Jan. 1, 1950* thousand 50,000 


*From F. F. Clarke, Lithium Corp of America: Personal communication. Published with his permission. 


lite, and amblygonite. Because some deposits in- 
clude two or more lithium minerals, not only the 
lithia content of the pegmatite must be determined, 
but also the grade for each of the lithium minerals 
present. Grain measurements can be used to de- 
termine the grade of these minerals, and if only 
one of them is present, chemical analyses can be 
used. Production records may be used to give the 
grade in terms of recoverable mineral. 

Chemical assays are useful to determine the 
grade of such spodumene deposits as the Edison 
pegmatite, Pennington County, S. D., where the 
spodumene is fine grained and uniformly distri- 
buted. The USBM used chemical methods to assay 
channel, bulk, and drill core samples from this de- 
posit." To check the assays, each of three samples 
analyzed by the USBM was also analyzed by six 
private laboratories. Results are shown in Table V. 
It is noteworthy that the greatest errors are in the 
sample that was selected as having a low content of 
lithia; results for this sample range from a trace to 
1.48 pct Li,O. Only one determination shown on the 
table was lower than the USBM determination for 
the same sample. Actually it was found that re- 
serves computed for the Edison pegmatite, based on 
USBM assays, were very nearly correct, as shown 
in Table VI. The inadvertent mining of waste rock 
with ore probably compensated for any errors in 
assays.” Recent experience has shown that the 
flame photometer gives better results than the more 
difficult chemical methods to determine lithium. 

In estimating spodumene reserves in the Edison 
mine the tonnage of unmined pegmatite was deter- 
mined both from geologic plans and from sections. 
Fig. 5 consists of geologic plans that illustrate the 
structure of this pegmatite, showing the multiple 
nature of the intrusive and the zoning. The core of 
quartz-spodumene and quartz-spodumene-albite 
pegmatite is the orebody. Reserves in various 
blocks of ore above the adit level, between the adit 
level and the 50 level, between the 50 level and the 
100 level, and below the 100 level were calculated 
in advance of mining. In the deeper parts of the 
pegmatite the grade is lower than at higher levels 
because more of the spodumene is altered to mica- 
ceous and clay minerals. 

In five years of mining, from 1945 through 1949, 
most of the spodumene-bearing pegmatite above 
the adit level and much of the pegmatite between 
the adit level and the 50 level was mined. Table VI 
compares predicted reserves and grade with what 
was actually mined. Of the 40,000 tons of spodu- 
mene-bearing rock predicted above the adit level, 
34,000 tons were mined and “several thousand’ 
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tons” still remained in place in 1950. The predicted 
grade was 1.28 pct Li,O, and the grade of rock that 
was mined was 1.35 pct Li,O. Table VI also shows 
that probably more than half the spodumene-bear- 
ing pegmatite between the adit level and the 50 
level had not yet been mined in 1950. The grade of 
rock mined in this block has been 1.02 pct Li,O, 
comparing remarkably well with the 1.03 and 1.04 
pet Li,O predicted. In view of the very complex 
nature of the Edison pegmatite as shown in Fig. 5, 
and the inability of analysts to check each other, 
production records have verified predictions more 
closely than expected. 

Most amblygonite that has been mined in the U.S. 
is from very large crystals, some of them probably 
weighing hundreds of tons. The extremely large 
size of amblygonite in many deposits makes it 
necessary to measure crystals on a very large area 
of pegmatite to determine grade. On the other hand, 
amblygonite in some deposits is relatively fine 
grained, and much of it cannot be recovered by 
hand sorting. The grain size of amblygonite is as 
important a factor as grade in determining whether 
or not a deposit can be mined. 

Lepidolite usually occurs in large aggregates as- 
sociated with cleavelandite, quartz, and other min- 
erals. The lepidolite must be assayed to determine 
whether or not it carries the minimum percent Li,O 
acceptable in the market. Grade is best expressed 
in terms of percent lepidolite rather than units of 
lithia because the product is sold as tons of lepido- 
lite rather than units of lithia. 

Beryl: Estimation of reserves of beryl can be 
most readily accomplished if grain measurements 
are used to determine grade. Beryl is unevenly 
distributed and varies widely in grain size in many 
deposits, and consequently a large quantity of rock 
must be examined to determine grade. 

Chemical and spectographie analyses of channel 
samples, drill samples, or small bulk samples can 
also be used in determining the grade of deposits 
in which beryl is uniformly distributed and is the 
only beryllium mineral present, but it is best to 
confirm the analyses by grain measurements. Ex- 
perience with chemical assays has frequently been 
unsatisfactory because beryllium is difficult to de- 
termine and normally forms such a very small per- 
centage of a deposit that small absolute errors in 
assays can cause errors of 200 pct or more in com- 
puting grade. Spectographic analyses have proved 
more satisfactory. Table I shows results of BeO de- 


Fig. 5 (right)—Plans showing geology projected to the adit, 50 and 
100 levels, Edison spodumene mine, Pennington County, S. D. 
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terminations for samples from the Helen Beryl peg- 
matite by grain measurements, spectographic as- 
says, and chemical assays. Grain measurements and 
spectographic assays by two different analysts gave 
about the same results. Chemical assays by four 
different analysts, however, differed substantially. 
It is noteworthy that samples that apparently con- 
tain the smallest amount of BeO are those in which 
the largest errors are made. For example, Table I 
shows that for sample 5 one of the chemical ana- 
lysts obtained a result nearly three times as much 
as the average of all the other determinations of 
this sample. 

These difficulties of analysis prevail for all but 
very high grade ores, and the use of grain measure- 
ments is thus nearly always necessary. For the pur- 
pose of determining the BeO content of the beryl 
itself, a graph such as Schaller’s” can be constructed, 
showing the omega index of refraction plotted 
against percent BeO. 

Page” has shown that in the Wood Tin pegmatite, 
Pennington County, S. D., 0.9 pct beryl was re- 
covered in a 4400-ton block of rock from which a 
recovery of 1.0 pect was expected on the basis of 
grain measurements. 

Feldspar: Many feldspar mines are small hand 
sorting operations for which reserve estimates are 
seldom necessary, but relatively large mining and 
milling operations that should use reserve estimat- 
ing techniques are becoming more and more com- 
mon. In either type of operation the percent recov- 
erable feldspar is a figure of importance in express- 
ing the value of a deposit, and for milling operations 
the total feldspar content must also be determined. 

The term grade is used in the potash feldspar 
industry for quality of feldspar, and consequently 
the use of this word to express the amount of feld- 
spar in a deposit can be ambiguous. Much of the 
feldspar of pegmatites, especially plagioclase, occurs 
in grains that are too small or too much intergrown 
with other minerals to be recovered by hand sort- 
ing. For mines that use milling methods, or where 
for some other reason the total feldspar content 
must be determined, grain measurements may be 
used to determine the percent feldspar. In very 
coarse grained deposits the intercepts of feldspar 
crystals on lines separated by fixed intervals can be 
used to determine the feldspar content much as the 
Rosiwal method is used in thin section work. 

Much of the better quality potash feldspar has 
been mined from very coarse grained, hood shaped, 
incomplete zones in the upper parts of pegmatites. 
Perthite is most abundant at the top of these units, 
and as the deposit becomes leaner downward and 
inward the groundmass minerals, chiefly quartz and 
plagioclase, increase in quantity. In blocking out 
reserves these gradual changes must be considered. 

Other Minerals: The other industrial minerals of 
pegmatites, including cassiterite, columbium-tanta- 
lum minerals, pollucite, and uranium minerals, are 
distributed through pegmatite units in much the 
same way as the minerals that have already been 
discussed. Normally these minerals form only a 
small quantity of the rock, even in the richest de- 
posits. Grade may be determined by grain measure- 
ments, by visual estimates on representative faces, 
or by assays. 

The variation in metal content in most of these 
minerals requires that both grade and the metal 
content of the mineral itself be determined. Colum- 
bite-tantalite, for example, is sold as columbium 
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ore if it contains less than 35 pct Ta.O; and as tan- 
talum ore if above that figure. Other requirements 
for total Cb.O,; plus Ta.O,; content, percent SnO., and 
percent TiO. would have to be considered in block- 
ing out reserves. Cost and difficulty of analyses for 
Cb.O; and Ta.O; have led to the practice of purchas- 
ing columbite-tantalite on the basis of specific grav- 
ity. Since the mineral may have a different com- 
position in each zone, reserves must be stated in 
terms of tonnage containing columbite-tantalite of 
some specified Ta,O; content or specific gravity. 
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Particle Size and Flotation Rate of Quartz 


The influence of particle size on the flotation rate of quartz was investigated in 
a series of continuous flotation tests. Experimental results indicate that for quartz 
particles finer than 65 » the flotation rate is proportional to the pulp density in the 
cell provided the total concentration of solids in the cell is kept below 5.2 pet by 
weight. A similar relation does not hold for coarser sizes. Optimum flotation be- 
havior is noted for the size range, 37 to 10 p. 


by P. L. de Bruyn and H. J. Modi 


N recent years interest has been aroused in flota- 
tion rate studies both from a technical and a 
more practical aspect. With increasing fineness of 
grind becoming a necessity in treatment of low 
grade ores, differences in flotation rates of various 
size ranges will assume importance in the evalua- 
tion of overall recovery results. 

Theoretical analysis of flotation kinetics was ini- 
tiated by Schuhmann,' who sought to define flotation 
rate of a given mineral and specified size range in 
terms of certain physical variables of the flotation 
system. Using as a basis for his analysis the bubble- 
particle encounter hypothesis previously advanced 
by Gaudin, Schuhmann writes for the rate of flota- 
tion (R.) of particles of average size x, 


R, =P, P.c(x) VF. [1] 


In this relation P, and P, represent, respectively, 
the probability of collision between particle and gas 
bubble in a given time interval and the probability 
of adhesion of particle to the bubble after collision. 
Rigorously speaking, the term P, does not have the 
significance of a probability factor, since it depends 
on the time interval and therefore can be numer- 
ically greater than unity. The term c(x) expresses 
the concentration of particles of an average size x 
in the flotation cell in weight per unit volume of 
pulp, and V denotes the total volume of pulp in the 
cell. The product, P.c(x)V, defines the frequency of 
particle-bubble collision, and when it is multiplied 
by P, the number of collisions per unit time result- 
ing in successful adherence is obtained. The factor, 
F, measures the froth stability and is introduced 
because after fruitful bubble-particle contact some 
particles may still not reach the froth launder. 
Coalescence of bubbles in the froth column or too 

‘short a bubble life could account for this effect. 

Schuhmann also introduced the concept of “spe- 
cific flotation rate” (Q) to allow for the relative 
abundance of different mineral species in the flota- 
tion pulp. The specific flotation rate, having the 
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(D)... Mechanical Scraper 
(E)... Adjustable Welr 

(F)... Nitrogen Tonk 

(G)... Flow Rate Meter 
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Fig. 1—Schematic diagram of the continuous flotation circuit. 
dimension of reciprocal time, is defined as Eq. 2: 
R, 


2 
Q [2] 
and it also follows from Eq. 1 that 


The theoretical aspects of flotation kinetics were 
also considered by Sutherland,’ who tried to im- 
prove Eq. 1 by expressing the probability factors in 
terms of such physical variables as particle radius 
(x2), bubble radius (X), velocity of bubble relative 
to particle (v), the number of bubbles per unit vol- 
ume of pulp (N) and the induction period (A) neces- 
sary for air-mineral adhesion. 

According to Sutherland’s treatment, the rate 
equation, Eq. 1, transforms to 


Ra = [3a X xv N] [sech’ (8 vdA/4 X)] @ce(x) V [4] 
where the first term in brackets on the right-hand 
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Fig. 2—Effect of cell concentration on the rate of flotation 
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side of Eq. 4 defines P, and the second term in brac- 
kets defines P, of the Schuhmann equation. The 
term @ denotes the proportion of ‘particles retained 
in the froth after fruitful collision and it has essen- 
tially the same significance as the quantity F in 
Eq. 1. 

From Eqs. 1 and 4 it follows that the rate of 
flotation is proportional to the concentration of the 
mineral in the flotation cell and that the rate con- 
stant will depend on the particle size if the intensity 
of agitation and aeration is kept constant. Neither 
Schuhmann nor Sutherland supplied experimental 
data to prove the validity of a first order rate proc- 
ess. Recently Arbiter,* Morris,’ and Hukki’ attempted 
to correlate flotation rate with some relative con- 
centration term (usually cumulative recovery) in 
batch flotation experiments. Arbiter and Hukki con- 
cluded that a second order rate equation describes 
the resuits, whereas Morris suggested the appli- 
cability of a first order rate equation. 

Continuous flotation testing offers a more reliable 
experimental approach to this problem of flotation 
kinetics than batch testing, as it eliminates the dif- 
ficulty of collecting most of the information in a 
short time. Time enters continuous testing only in 
so far as it is important to determine that a steady 
state has been reached before collecting the required 
information. Schuhmann’ and Gaudin, Schuhmann 
and Schlechten’ used the continuous testing method 
in studying the flotation rates of certain sulfide 
minerals. Brown and Smith® also employed this 
technique in studying the rate of coal flotation. 

In view of the advantages of a continuous flotation 
technique over that of batch flotation, the continuous 
method was adopted in the present investigation. 
The main object was to determine the effect of par- 
ticle size and solids concentration in the flotation 
cell on the rate of flotation of quartz. 


Experimental Procedure 

Materials: Quartz used in the experimental work 
was crushed and ground to produce about 25 pct of 
—400 mesh material. Average size distribution of 
the feed used in all six experiments is given in 
Table I. Size analysis was obtained by a combina- 
tion of screening and sedimentation methods. For 
any flotation run the percent deviation from average 
weight percent for a given size range seldom ex- 
ceeded 6 pct. 
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Continuous Flotation Tests: Flotation tests were 
run in an apparatus similar to that developed by 
Schuhmann.’ Fig. 1 gives a schematic diagram of 
the details of the apparatus. The pulp of ground 
quartz was diluted to 16 1 with distilled water in 
the conditioner tank (A, Fig. 1). After addition of 
reagents the well-mixed pulp was fed to the con- 
tinuous flotation cell (C) by gravity through a con- 
stant head siphon (B). The froth was removed by a 
mechanically operated scraper (D) and the tailings 
were discharged through an adjustable weir (E). 

Dodecylammonium acetate (Armac 12-D) was 
used as collector. The amount of collector was kept 
constant at 0.05 lb per ton of quartz in all experi- 
ments and the frother (DuPont B-23) was fed at 
a rate of 4.75 mg per min. Feed rate of pulp to the 
cell was kept constant for all tests at 505 + 10 cc 
per min. Furthermore, the intensity of agitation in 
the cell as well as the aeration rate was carefully 
adjusted. Nitrogen gas was fed from a tank (F, 
Fig. 1) through a flow rate meter (G) at a controlled 
rate of 4.51 per min. The froth depth in the cell was 
maintained at 0.7 cm. 

After the system reached a steady state, four 
samples each were taken of the froth and the tails 
over 1-min intervals. Usually all four samples were 
mixed to give a large enough sample for sizing 
analysis. 

Throughout this investigation it was assumed that 
mixing in the cell was near perfect so that the con- 
centration of any size range in the ceil may be taken 
equal to that in the tails (c,). An experiment was 
conducted to test this assumption. In this test the 
steady state concentration of quartz in the tails was 
30.9 gpl of water. The concentration of quartz in 
the cell was determined by dumping the contents 
of the cell after steady state was reached. A value of 
31.9 gpl of water was obtained. The slightly higher 
value for the cell contents than for the tails analysis 
may be due to the inclusion of a small amount of 
froth in the dumped pulp. 

Size Distribution Measurements: Sizing analyses 
on the tails and froth products were made down to 
400 mesh by screening on Tyler screens and below 
400 mesh by sedimentation sizing. The nonfractiona- 
tion Andreasen pipette method’ was used in the sub- 


Table |. Size Distribution of Flotation Feed 


Pct 
wt 


Size Sizing Method 


+65 mesh 0.63 

65 to 100 mesh 6.10 

100 to 150 mesh 25.55 

150 to 200 mesh 18.76 Screening 
200 to 270 mesh 9.56 

270 to 325 mesh 7.76 

325 to 400 mesh 6.54 

400 mesh to 37 «* 1.93 

37 to 19 w 10.16 

19 to 10 w 6.47 Sedimentation 
10 to5 3.76 

—5 2.78 


* The value 1.93 pct refers to that fraction of the —400 mesh ma- 
terial which has a Stokesian diameter greater than 37 j# as deter- 
mined by sedimentation sizing. 


sieve range. Ethylene glycol and not water was the 
settling medium in the pipette in order that lower 
settling velocities might be obtained, especially at 
the coarser subsieve range. Prior to the sizing pro- 
cedure the collector was removed from the quartz 
surface by washing with ethyl alcohol. This clean- 


TRANSACTIONS AIME 


ing step was important to prevent any flocculation 
during sizing. 

Since it is proposed to consider particle size as 
one of the fundamental variables in this investiga- 
tion, a correlation between the size scale dependent 
on screening and that determined by sedimentation 


Table II. Standardized Size Ranges 


Stokesian Diameter, Corresponding Mesh 


254 to 179 
179 to 127 100 150 
150 to 200 
200 to 270 
270 to 325 
325 to 400 
45 to 37 
37 to 19 
19 to 10 
10 to5 
5 to 0 


under Stokesian conditions must be made. Schweyer”™ 
and Andreasen” suggested that a sieve correction 
factor equal to 1.22 times the average sieve aper- 
ture be used when a combination of sieve and sedi- 
mentation analyses is required. By applying this 
factor the entire size analysis will be referred to a 
sedimentation sizing scale. A laboratory check of 
this suggestion was made on two different samples 
and an average correction factor of 1.24 was ob- 
tained. In Table II size limits of the various frac- 
tions used in this investigation are expressed in 
terms of Stokesian diameters; corresponding mesh 
values are also included. 


Experimental Results 


The operating conditions for the various continu- 
ous flotation tests are summarized in Table III. 

From Table III it will be noted that the maximum 
percentage of solids in the flotation cell was only 
5.2 pet. This upper limit was dictated by the design 
of the continuous flotation cell. In actual flotation 
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Fig. 3—Effect of cell concentration on the rate of flotation 
of quartz. 
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Fig. 4—Effect of cell concentration on the specific flotation 
rate of quartz. 


rougher operations higher pulp densities will be 
encountered in the cells but the densities realized 
in this investigation are close to those expected in 
cleaner operations. 

Flotation Rate: Flotation rates for the size ranges 
65 to 54, 54 to 45, 45 to 37, 37 to 19, 19 to 10, 10 to 5, 
and 5 to 0 » are plotted against the cell concentra- 
tion (c,) for each particular size range in Fig. 2A. 
Except for four points at the highest cell concen- 
trations, a direct proportionality between flotation 
rate and cell concentration or tails concentration is 
indicated for all seven size ranges. The slopes of the 
straight lines for the size ranges 37 to 19 and 19 to 
10 are identical and are the steepest. Due to crowd- 
ing of the points near the origin this part is shown 
on a larger scale in Fig. 2B. 

Results for the size ranges greater than 65 pw are 
shown in Fig. 3, in which logarithm of flotation rate 
is plotted against the logarithm of cell concentra- 
tion. In addition to results for the four coarse size 
ranges, data of Fig. 2 are replotted. The plots for 
the four coarse size ranges give reasonably well 
defined straight lines which have slopes greater than 
unity in contrast to the slopes of unity for the plots 
of the seven fine size ranges. 

From Figs. 2 and 3 it follows that the empirical 
relation between flotation rate of a given size range 
(R,) and cell concentration (c,) has the form 


R,=ke [5] 


where k and n are constants. Experimentation 
showed that n is a positive integer equal to or 
greater than unity. For the particular conditions of 
experimentation, n has a value of unity for all size 
ranges below 65 » except for a total solids concen- 
tration in the cell of 5.2 pct (Test No. 6, Table III). 
For the size ranges 90 to 65, 127 to 90, 179 to 127 
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Table III. Operating Conditions of Continuous Flotation Tests 


Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 

Quartz 

Feed rate (g per min) 15.2 30.4 36.5 44.4 59.0 

Total flotation rate (g per min) 7.5) 16.0 18.5 24.4 36.7 

Froth concentration (g per kg water) 55.5 246.0 437.0 532.0 570.0 

Tails concentration (g per kg water) 20.7 33.9 40.0 46.1 55.1 
Water 

Removal rate in froth (g per min) 135.1 A 65.1 42.3 45.9 64.4 

Removal rate in tails (g per min) 367.0 432.1 424.4 451.0 434.0 410.1 
Feed rate of pulp to 

flotation cell (ce per min) 508 513 501 507 497 497 
Feed pulp density (solids, pct) 3.0 6.2 7 9.3 12.4 


Frother concentration 
Collector concentration 


4.75 mg per min of B23 
0.05 lb per ton of 
dodecylammonium acetate 


Aeration rate 4.5 1 per min of nitrogen gas 


and 254 to 179, n becomes respectively 1.4, 2.0, 2.6, 
and 3.2. 

Specific Flotation Rate (Q): In Fig. 4 the specific 
flotation rate as defined by Eq. 2 is plotted against 
cell concentration on a log-log basis for the various 
size ranges. As to be expected from Fig. 2, Q is seen 
to be independent of cell concentration for the size 
ranges below 65 yp». This statement is true except 
for some Q values obtained under the conditions of 
test 6 (Table III) and these values are not plotted 
in Fig. 4. Width of the horizontal lines in Fig. 4 
indicates the spread in cell concentration for which 
Q is independent of c;; to avoid crowding, the indi- 
vidual points are not included. Above 65 pn, Q is seen 
to depend on the particular concentration of the 
solids in the cell. 

The influence of particle size on the specific flota- 
tion rate is shown in the block diagram of Fig. 5. 
The logarithm of particle size is plotted as abscissa 
and the width of the rectangles in the diagram rep- 
resents the magnitude of the size range. From this 
diagram it will be noted that an optimum Q value 
is obtained in the composite size range, 37 to 10 uz. 
Furthermore, up to a Stokesian diameter of 65 yn, Q 
is seen to be a function of particle size only, whereas 


Table IV. Effect of Cell Concentration on Percent Recovery of 
Specific Size Range 


Percent Recovery in Froth for Solids 


Size, Concentration in Grams Per Liter 
20.7 27.0 33.9 40.0 46.1 55.1 
254 to 179 1.5 2.8 3.8 4.0 6.9 11.0 
179 to 127 12.1 15.4 20.2 18.2 25.6 35.5 
127 to 90 39.6 41.8 45.5 41.7 49.8 58.5 
90 to 65 66.1 63.5 65.3 72.4 67.2 72.8 
65 to 54 77.0 73.7 74.4 78.9 73.9 80.5 
54 to 45 83.9 79.9 81.8 82.6 79.6 82.9 
45 to 37 85.0 83.4 83.8 82.7 83.5 85.2 
37 to 19 88.0 86.3 85.7 85.2 85.8 88.3 
19 to 10 87.8 85.8 86.2 85.2 85.3 87.2 
10 to5 86.9 84.1 84.5 83.9 84.2 86.2 
5 to 0 86.5 82.3 82.5 82.0 81.3 83.6 


above this critical size @ is also dependent on the 
concentration of solids in the flotation cell. This 
effect of cell concentration is indicated by the length 
of the shaded portion of the rectangles; the maxi- 
mum value of @ for a given size range was obtained 
under the conditions of test 5 and the lowest value 
was determined in test 1. 

The dotted line extensions of the rectangles show 
the relation between Q and particle size at a total 
solids concentration of 5.2 pct (test 6) in the flota- 
tion cell. For this test Q does not appear to be a 
simple function of particle size alone and the results 
suggest that there is a limiting solids concentration 
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above which the specific flotation rate also varies 
with cell concentration at constant particle size. 
More experimental data are required before a de- 
tailed analysis of this suggestion could be attempted. 

Recovery: Influence of particle size and total 
solids concentration in the cell on the recovery of 
quartz is shown in Table IV, which also shows that 
the recovery of particles finer than 54 » (325 mesh) 
is independent of total solids concentration in the 
flotation cell and that it is very nearly the same for 
all these size ranges. The percent recovery of mate- 
rial coarser than 54 » is more strongly influenced by 
cell concentration and it drops off markedly with 
increasing size at constant c;. 


Discussion 

Since a single solid phase flotation system was 
chosen for study, in practice this system resembles 
more closely the cleaner than the rougher operation. 
The authors are aware that even for this simple 
system more experimental data are needed than 
those reported in this paper before a detailed analy- 
sis can be attempted. Some valuable information, 
however, was obtained in this brief investigation 
which illustrates the value of the continuous flota- 
tion testing method. 

No exact and complete relationship could be estab- 
lished among the variables: flotation rate, particle 
size, and cell concentration. For a limited range of 
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Fig. 5—Effect of particle size on the specific flotation rate 
of quartz. 
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particle size and pulp density the first order rate 
equation postulated by Schuhmann and Sutherland 
is obeyed. Brown and Smith’ in studying the con- 
tinuous flotation of coal in the size range 30 to 200 
B.S.S. mesh also found a simple proportionality be- 
tween flotation rate and cell concentration for a 
limited pulp density range. In the tests where the 
first order rate equation is applicable the value of 
the specific flotation rate determines the magnitude 
of the rate constant for the particular size range. 

The amount of collector per unit weight of solids 
was kept constant in all the tests but the concen- 
tration of the collector in the liquid phase increased 
with increasing percent solids in the feed Dulpee Lf 
it be assumed that the amount of collector adsorbed 
is small compared to the total amount added then 
the concentration of dodecylammonium acetate in 
the conditioning tank varied from 3.1 x 10“ mols 
per 1 (0.75 mgpl) in test 1 to 1.3 x 10° mols per 1 
(3.1 mgpl) in test 6. Experiment has shown that the 
adsorption density of collector is a function of the 
equilibrium collector concentration in the solution 
phase.” “ From adsorption tests, de Bruyn” has 
shown that the minimum equilibrium concentration 
of dodecylammonium acetate in solution for which 
complete flotation of quartz is effected at neutral 
pH is 5 mgpl (2 x 10° mols per liter). In all the tests 
run in this investigation the collector concentration 
was therefore below the optimum amount required 
for complete flotation and it is interesting to note that 
for no size range was a 100 pct recovery achieved. 
Starvation amounts of collector were needed to yield 
the greatest amount of information on the kinetics 
of flotation. 

There is no question that reactions at the quartz 
surface were allowed to proceed towards equilibrium 
before the quartz was given a chance to float. The 
residence time of the solids in the conditioner was 
long enough and the agitation of the pulp intense 
enough for the establishment of an equilibrium sur- 
face coverage by the collector. Gaudin and Morrow™ 
have shown that for the particle sizes involved in 
the present investigation the adsorption density is 
not a function of particle diameter. The difference 
in the flotation behavior of the + 65 » material as 
opposed to that of the —65 » material therefore is 
not to be explained by changes in the degree of 
hydrophobicity of the surfaces. However, since star- 
vation amounts of reagent were used, the support- 
ing forces involved in particle-bubble stability might 
not have been strong enough to overcome com- 
pletely the disrupting hydraulic and inertia forces 
for the coarser particle sizes. Gaudin and Morrow” 
measured contact angles of magnitude between 0° 
and 10° on smooth quartz surfaces for the solution 
concentration range 3 x 10° to 1.3 x 10° mols per 1 
of dodecylammonium acetate. It is conceivable that 
these low contact angles that determine the mag- 
nitude of the supporting force and the high shearing 
forces developed in the continuous cell might ac- 
count for the low recoveries of the coarse quartz 
particles. Strictly speaking the statement about the 
role of contact angle is only correct when plane sur- 
faces are considered. The supporting force will have 
a maximum value for a particle bound by plane 
surfaces when the collector concentration is fixed.” 
This analysis suggests therefore that the probability 
of adhesion did not remain constant for the coarser 
sizes and therefore Q varied with pulp density. 

The froth layer in the continuous flotation cell 
was quite shallow in all the experiments. This 
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means that the mineral must have been removed 
almost as fast as it appeared in the froth. Never- 
theless, the coarser particles released by bursting 
bubbles might have had a chance to settle back into 
the cell. Such a possibility might also afford a par- 
tial explanation of the lower recovery of coarser 
material, especially when it is recalled that the 
froth appeared more stable in the last few tests 
than in the earlier tests. The greater stability of the 
froth in the later tests was apparently due to 
greater mineralization of the gas bubbles in the 
froth, in turn brought about by the higher pulp 
density of the feed. 
Summary 


Flotation tests have been run in a continuous 
flotation cell to determine the effect of particle size 
on the rate of quartz flotation. The following vari- 
ables were kept constant in the tests: the rate of 
agitation and aeration, the amount of collector 
(dodecylammonium acetate) per weight of quartz, 
the volumetric feed rate and the size distribution 
of the feed. The percent of solids in the feed, and 
therefore also the percent of solids in the cell, was 
allowed to vary. Sizing analyses were made on the 
froth and tails products of the flotation runs; 
screening and a nonfractionation sedimentation 
method were used in obtaining the size distributions. 

Results of the investigation may be summarized 
as follows: 

1) A first order rate equation describes the rate 
of flotation of quartz particles below 65 w» in size 
provided the total percent solids in the flotation cell 
is less than 5.2 pet. Under these conditions the 
specific flotation rate of the different size ranges is 
independent of the cell concentration. 

2) Above a particle size of 65 » the flotation rates 
of the size ranges are not described by a simple first 
order rate equation. The specific flotation rate is a 
function of cell concentration. 

3) Specific flotation rate, which is independent 
of the relative abundance of the solid, reaches a 
maximum value in the size range 37 to 10 yz. 

4) Recoveries between 80 and 85 pct were ob- 
served for size ranges below 65 » (micron). Much 
lower recoveries were determined for the coarser 
sizes and these were strongly dependent on cell 
concentration. 
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Application of the Phi Scale to the Description 


Of Industrial Granular Materials 


by C. H. Bowen 


NDUSTRY needs a generally applicable means of 
defining average grain size and grain size distri- 
bution. Students of sediments have explored this 
field, employing methods that might also prove use- 
ful in engineering problems. 

Before attempting to solve specific problems it is 
well to review the derivation of commonly used 
grade scales and the reasons for their selection. This 
aspect of the problem seems largely to have been 
lost, and a review of basic factors may suggest causes 
for failures in using size analysis data. 

Three facts are implicit in selection of a grade 
scale: 

1) Most particulate mixtures are continuous dis- 
tributions of sizes, and any grade scale that may be 
employed is an arbitrary means of visualizing that 
distribution. 

2) For purely descriptive purposes, any grade 
scale, regardless of the rationality of the class in- 
tervals, will be satisfactory if it is accepted by a 
sufficient number of workers. 

3) For analytical purposes, class intervals must 
be small enough to define the continuous distribu- 
tion accurately. Further, where statistical studies 
are involved, a fixed relationship should exist be- 
tween classes or grades. 

An argument in favor of Peony related 
size grades lies in the fact that most particulate 
mixtures contain such a wide range of sizes that use 
of an arithmetic diameter scale is practically im- 
possible. Udden, who recognized this fact in 1898,* 
proposed one of the first grade scales based on a 
regular geometrical interval. Udden used 1 mm as 
his basic diameter and a ratio of 2 (or %) between 
classes, 

In 1922 Wentworth’ re-examined Udden’s grade 
scale, retaining the same class interval and basic 
diameter, but extending the scale in both directions 
and renaming the classes. In 1930 (Ref. 3, p. 82) 
the American Society of Testing Materials proposed 
what is now known as the U.S. Standard fine sieve 


series, also based on the 1 mm diam, with a \/2 ratio 
between sieves. This, then, is a one fourth Udden- 
Wentworth series in the sizes below the 4 mesh 
sieve. The U.S. Standard coarse sieve departs from 
the 1 mm base and uses inches; hence it is not a 
direct continuation of the fine series. 

The U.S. Standard series would thus seem to 
possess all the attributes of a good grade scale, which 
it is. It has a large number of classes (sieves), in 
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fact too many for practical use in its entirety. This 


\/2 subdivision of the Wentworth grades has led to 


the common use of two \/2 sieve series, the half- 
Wentworth and the engineers’ series. Geologists and 
sedimentologists favor the half Wentworth, or 18, 
25, 35, 45 sieves, etc., whereas the engineers, pre- 
ferring round numbers, utilize the other half of the 
U.S. Standard grade scale in the 16, 20, 30, 40 sieves, 
etc. The fixed geometrical ratio between classes is 
an advantage in statistical analysis, but the unequal 
classes cause some complications in calculations. 
This is especially true when moment measures are 
used. It was to simplify these calculations that 
Krumbein in 1934 devised the phi scale. 

Phi is defined as being equal to —log, of the 
diameter in millimeters. Selection of logarithms to 
the base 2 relate the phi scale directly to the Went- 
worth grade scale in such a manner that the whole 
or fractional diameter values 2, 1, %, % mm, etc., 
become rational whole numbers, —1, 0,1, 2, etc. Since 
this is an arithmetic rather than geometric series, 
calculations are facilitated. When the logarithm is 
multiplied by —1 the phi values below 1 mm become 
positive, those coarser than 1 mm negative. Because 
of its relationship to the Wentworth grade scale 
(and in turn to the U.S. Standard fine sieve series) 
it is not necessary to use the transformation equa- 
tion to calculate the phi value for each individual 
sieve; this can be done graphically as shown in Fig. 
1. It should be noted that this graph may be ex- 
tended in either direction to include the range of 
sizes most commonly used by the individual worker. 


Application to Statistical Analysis 


Any attempt at systematically relating size analy- 
sis data to properties involves a statistical study 
whether it is recognized as such or not. Since this 
is true it would seem more logical to use measures 
and devices related to the general body of statistical 
theory. 

Several methods are available for studying par- 
ticulate mixtures. One of the most commonly em- 
ployed, and also the most often misused, is the 
histogram or block diagram. If its limitations are 
recognized and provided for, the histogram is a very 
useful tool. According to conventional practice, the 
bars of equal width are plotted and the values noted 
in terms of diameters, when in point of fact, log 
diameter is implied by such notation. Further, the 
histogram is sensitive to choice of grade scale and 
size of class interval, either of which may color the 
result. Grade scales whose classes are not related 
by fixed intervals are particularly difficult. Another 
basic weakness of the histogram is that it pictures a 
continuous distribution as a series of discrete grades. 
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PHI 


Fig. |—Conversion chart. 
Diameters to phi. (After 
Krumbein and Pettijohn.) 
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A second device employs moment measures: the 
mean, standard deviation, and higher moments of 
the distribution. Since moments cannot be used with 
open-ended data, complete size analyses must be 
made. For serious research this device may be best, 
and it is in this application that the phi scale is 
perhaps most useful. 

Cumulative curves, being integral curves of con- 
tinuous frequency distributions, avoid most of the 
objections to the histogram. Their simplicity makes 
them more applicable to commercial use than the 
moment measures. Krumbein and Pettijohn (Ref. 
3, p. 195) indicate that cumulative curves are essen- 
tially independent of the grade scale employed, and 
also that it is not necessary for the classes to bear 
a fixed ratio to each other. They suggest that while 
curves based on different grade scales may not be 
completely identical, if enough points (about 10) 
are selected and care is exercised in smoothing the 
curves, the variations will not be great. 

Statistical parameters taken from the cumulative 
curve can be derived from open-ended data, and it 
may not be necessary to analyze the extremely fine 
or coarse ends of the distribution. Cumulative curves 
based upon diameter values are plotted on semilog- 
arithmic paper, and certain of the statistical measures 
involve division and extraction of square root. With 
the phi scale, ordinary 1/10-in. graph paper is used, 
the measures are derived by simple addition or sub- 
traction, and the inherent simplicity of the method 
is enhanced. 

The most commonly used statistical values de- 
rived from the cumulative curve are the median 
(Md), quartile deviation (Qd), and quartile skew- 
ness (Skq). The median is defined as the midpoint 
of the distribution and is obtained by determining 
the diameter (or phi) value of the intersection of 
the 50 percentile with the cumulative curve, see 

Quartiles are obtained by finding the value of the 
intercepts of the 25 pct and 75 pct lines with the 
cumulative curve, Fig. 2. Quartiles measure the 
characteristics of the central 50 pct of the distribu- 
tion; deciles (10 pct and 90 pct intercepts) measure 
the central 80 pct and may be used analogously. For 
industrial use it is felt that deciles are preferable, 
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Diameter —mm 


and the examples given will use these measures. 
Because phi values increase toward the right and 
diameter values decrease in that direction (as com- 
monly plotted) notation of parameters will be re- 
versed. The equations that follow will apply if it is 
understood that D, (Q;) is given the larger value.* 


* For complete discussion of the use of quartile measures and size 
analysis the reader is referred to Krumbein and Pettijohn.3 


The decile deviation (Dd¢) is a measure of the 
degree of scatter or sorting and is expressed by the 
formula Dd¢ = (D, — D,)/2. Because phi values are 
logs of the diameter values the degree of sorting 
between samples may be directly compared. Fur- 
ther, the deviation is given in forms of phi grades 


(or sieves), easily visualized units. If a \/2 series 
of sieves is employed the phi deviation is multiplied 
by 2 to give the deviation in terms of sieves. Because 
of the arithmetic relationships and the terms in 
which it is given the decile spread DS = (D, — D,) 
may be a more useful measure than the decile 
deviation (D, — D,)/2. 

If it is important to define the asymmetry (skew- 
ness) of the curve, phi values again simplify the 
calculations. Phi skewness is defined by the equa- 
tion SKd¢d = %(D,+ D,—2Md). Negative values 
indicate that the coarse side of the decile distribu- 
tion is more widely spread (poorer sorting); posi- 
tive values indicate the reverse. The actual phi 
spread of the deciles with reference to the median 
may be directly obtained by simple subtraction by 
D, — Md and Md — D,; the smaller phi value indi- 
cates closer grading on that side of the median. 


Application to Engineering 

Most of what follows is based on studies of indus- 
trial sands and aggregates, mainly because consid- 
erable data were readily available. Principles and 
concepts should apply to other particulate sub- 
stances. Because of wider size range, decile measures 
based on the phi cumulative curve are used. 

Foundry Practice: Foundries purchase sands on 
the basis of average grain size, distribution, and 
permeability, or simply because the sand gives 
acceptable castings, with not too much scrap. 

Average grain size is at present defined by grain 
fineness number (GFN) or that sieve size which 
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would theoretically pass a sample of uniform grain 
size. Determining the GFN is tedious and because of 
certain arbitrary multipliers, often inaccurate. Using 
cumulative curves easily determines the median 
(Fig. 2) and if the median is expressed in phi values 
it may be converted readily to diameter or mesh by 
means of the chart (Fig. 1). 


Neither GFN nor median will define distribution. 
At present that property is loosely defined as the 
bulk of the sand on X sieves. More recently it has 
been proposed that any sieve that retains 15 pct or 
more of the material should be counted as a screen. 
Sieves retaining 5 to 7 pet may or may not be 
counted as one half screen. Needless to say, such 
specifications are rather loose and subject to opinion. 
Using the phi cumulative curve (curve A, Fig. 2) 
and decile measures it can be readily determined 
that the spread of the deciles is 1.8 phi grades. In 


other words, the central 80 pct of the distribution 
is spread over 3.6 5/2 series sieves, with no equi- 
vocation. It is an expressive number meaning the 
same thing to producer or consumer. Since sand A 
has a Md = 2.0 phi (0.250 mm., 60 mesh) this sand 
might be described as a 2.0 — 1.8 sand. Likewise 
sand B (Fig. 2) would be a 2.55 — 0.75 sand. Inci- 
dentally, it is twice as well sorted as sand A. 

If the foundryman had these two sands available 
but wanted to compound a mixture of different 
characteristics, the proportions could be determined 
by graphic means, Fig. 3. Assuming that he desired 
a blend with a median (Md) = X¢, by scaling the 
distances Xy and Xz he could determine the propor- 
tions by the equation: 

A: B=XZ: XY = 14.7 = 2:1 or two parts 
of sand A and one part sand B. It will be noted that 
an inverse relationship exists. The shape of the re- 
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Fig. 4—Conversion chart. Sorting index (So) to phi quartile 
deviation. (After Krumbein and Pettijohn.) 


sulting curve may be defined by plotting points at 
the proportional distances along several ordinates 
as measured from the given curves. Curves may also 
be constructed to describe the distribution resulting 
from any given proportions of two materials. Step- 
wise constructions involving more than two con- 
stituents may also be made. 

Search for New Deposits: It is the author’s 
opinion that greater use may be made of the geo- 
logical literature. In recent years the trend in geo- 
logical literature has been to report size analyses 
in terms of the phi scale and the practice is spread- 


ing. Earlier reports generally express results in 
diameter values according to the Wentworth or half 
Wentworth grade scales. If the size analyses are 
given, it is simple to plot the curves in terms of phi 
values and then have a direct picture of the pros- 
pective deposit in terms of market specifications. 
If phi curves are shown, part of the work is already 
accomplished. If diameter curves are depicted it 
may be necessary to scale the values and replot the 
curves. 

It may often happen that only the statistical para- 
meters are recorded. The median can, of course, be 
used as defined. Sorting indices (So) are the geo- 
metrical quartile deviation, based on diameter 
values, and may be converted to phi quartile devia- 
tions via the chart shown in Fig. 4. It should be 
borne in mind that the result is phi quartile devia- 
tion. The phi quartile spread may be obtained by 
multiplying the deviation by 2. Since quartiles 
measure the central 50 pct of the distribution some 
mental extrapolation is required if decile measures 
are desired. However, in normal distributions, a 
small quartile spread is usually reflected by a rela- 
tively small decile spread and vice versa. It may be 
of interest to note that water transported sediments 
with median diameters between 60 and 100 mesh 
tend to be well sorted and therefore usually display 
small decile spreads. Armed with these concepts, a 
producer looking for new deposits may scan the 
existing literature and perhaps save a great deal of 
money by avoiding fruitless field work. 

Civil Engineering: Civil engineers usually record 
size analyses in terms of percent passing certain 
sieves. Cumulative curves plotted in this manner 
are mirror images of those plotted as percent re- 
tained. Extension of the conversion chart, Fig. 1, 
toward the coarse end may be done by projection 
or by calculation. The phi values of the coarser 
sieves may be determined by finding the diameter 
in millimeters and then solving by means of the 
equation: log.N = Log,N/0.301. 

The statistical measures may be obtained and 
used as in the retained type curve except that the 
deciles are reversed, eg., Di = 90 pct and D, = 10 
pet (Fig. 5). Graphic solution of blends may be 
made, even though the curves do not overlap, by 
considering the upper and lower base lines as pro- 
jections of the curves (Fig. 5). 
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Fig. 6—Conversion chart. Diameter values to phi, fine size range. 


Since the usefulness of the fineness modulus as 
a criterion in concrete and asphalt mixes is being 
questioned, these parameters may facilitate statis- 
tical problems involving size distribution vs strength. 
If regular, even distribution is sought in a concrete 
aggregate, the resultant curve Y, Fig. 5, the blend 
in usual proportions of actual aggregate gradings, 
would indicate a lack of material retained on the 
3g-in. to 8-mesh sieves. 

Sanitary Engineering: Filter sands are specified 
on the basis of effective size Se, that diameter 
(millimeters) passing 10 pct, and uniformity coeffi- 
cient, Cu. The uniformity coefficient is defined as 
diameter (mm) passing 60 pct/diameter (mm) pass- 
ing 10 pet. Phi effective size would obviously be 
D, (retained type curve). Phi uniformity coefficient 
could be simply obtained by Cu = (D, — D,) which 
would not only admit comparison’ between samples 
but express Cu in terms of phi grades (sieves). 
difficulty is encountered in relating Cu to filtering 
capacity or other properties, the answer may lie in 
the asymmetrical relationship between D, and D, to 
the median. 

The more symmetrical D, : Md: D, relationship 
should be an even better measure of sorting or uni- 
formity of the distribution. 

Ceramic Engineering: In whiteware slips where 
most of the material is in subsieve sizes, use of the 
phi scale may not be necessary. The phi scale con- 
version chart can, of course, be projected (or calcu- 
lated) for these finer sizes, Fig. 6. However, if the 
size range employed includes both sieved and sub- 
sieve size particles the phi scale is definitely indi- 
cated. It gives a natural transition not always em- 
ployed at present. 

In refractories, where maximum density is sought, 
this system would be most helpful in studies of the 
relationship of grain size distribution to this prop- 
erty. Other applications in structural clay bodies 
are possible. Since average grain size and size dis- 
tribution are so important in abrasives, this field 
should find the method useful. 


Summary and Conclusions 


Most particulate mixtures are in reality continuous 
distributions of sizes and any grade scale that may 
be used is purely an arbitrary device to obtain a 
picture of distribution. Best visual results are ob- 
tained by depicting size analysis data in the form of 
continuous distributions, either by means of cumu- 
lative or frequency curves. 
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Any widely accepted grade scale will suffice if 
used only for descriptive purposes. However, if it 
is desirable to relate size analysis data to other 
properties, statistic analysis is involved even if not 
formally stated; for such work a grade scale based 
on fixed geometrically related classes is desirable. 
By virtue of its relationship to the U.S. Standard 
sieve series, its arithmetic relationship between 
classes, and simplicity of the plotting and calcula- 
tion of parameters, the phi scale is considered the 
most useful of several devices that can be employed 
in such statistical studies by industry. 

The statistical parameters that may be derived 
from a phi cumulative plot are readily obtained, are 
related to the body of statistical theory, and are 
definitive. These include: 

1) The median (Md¢) derived by reading the 
phi value of the intersection of the 50 percentile 
with the cumulative curve. Diameter values or ex- 
pression as lying between certain sieves of the 
standard series are easily obtained from a chart. 

2) The decile spread (DS¢ = D, — D.) describes 
the spread of the central 80 pct of the distribution. 
Further, the spread is measured in phi grades and 
direct comparison of the degree of sorting between 
samples can be made. Because of the direct rela- 
tionship between the phi scale and the U.S. Standard 
fine sieve series the spread in phi values can also 
be expressed in terms of sieves. 

3) Decile skewness (Skd¢é = %(D, + D, — 2Md) 
measures the asymmetry of the distribution with 
respect to the median. A direct measure of asym- 
metry may be made by determining the phi differ- 
ence between the median and the two deciles. 

4) If only the central 50 pct of the distribution 
is of interest, quartile measures may be used in an 
analogous manner. Most geological literature ex- 
presses the parameters in terms of quartiles. 

While it is impossible to define all the uses of this 
system of size analysis expression, it is felt that it 
may be profitably used wherever median grain size, 
spread of size distribution, and asymmetry of dis- 
tribution may have an important bearing on the 
product. Graphic calculation of blends of materials 
can be obtained, and where many blends are made, 
proportional dividers would be useful. Specifications 
may be expressed in definitive terms, obviating much 
of the bickering due to specifications based upon 
opinion that are in common use at present. In normal 
distributions, if only the three parameters Md (50 
pet, D, (90 pet), and D, (10 pet) are given it is pos- 
sible to obtain a rather clear picture of the cumula- 
tive curve from which these phi values were taken. 
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HE Sparrows Point plant of Bethlehem Steel 

Co., southeast of Baltimore, is the largest Bethle- 
hem plant, with an annual rated capacity of 6.2 mil- 
lion ingot tons. There is considerable diversity of 
product, but a high percentage is sheet, tin plate, 
galvanized sheets, and rod and wire. The large 
amount of light-weight end product requires a num- 
ber of pickling installations that necessarily consume 
large quantities of sulfuric acid. In the coking oper- 
ations sulfuric acid is also consumed in recovery of 
ammonia as ammonium sulfate and in treatment of 
recovered light oil derivatives. Total sulfuric acid 
consumption in the plant is currently approaching 
10,000 tons per month, of which 55 to 60 pct is re- 
quired for pickling. 

H. B. SCHARF is Assistant Superintendent, Coke Oven Dept., 
Sparrows Point Plant, Bethlehem Steel Co. E. C. DOMINGUEZ, 
Member AIME, is Research Engineer, Raw Materials Diy., Bethlehem 
Steel Co., Lebanon, Pa. 
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Contact plant 


The Fluidized Bed Reactor Installation 
At Sparrows Point 


by H. B. Scharf and E. C. Dominguez 


In 1951 the acute sulfur shortage caused grave 
concern as to future sulfuric acid supply for the 
Sparrows Point plant. Raw materials for acid mak- 
ing were already at hand in the form of hydrogen 
sulfide and pyrites sufficient to produce nearly half 
the sulfuric acid required at that time. It was also 
known that the Bethlehem mining activities would 
produce additional pyrites in the future. Late in 1951 
Bethlehem management decided to build a 250-ton 
sulfuric acid plant at Sparrows Point to utilize these 
raw materials. The plant was built and put in oper- 
ation in May 1953. The steel plant has expanded con- 
siderably since 1951, and it is now necessary to oper- 
ate the acid plant far over rated capacity in order 
to supply plant demand. Production of acid in 1954 
amounted to 93,000 tons. 


Raw Materials for Acid Making: Coking opera- 
tions at Sparrows Point produce a residual fuel gas 
in large quantity which has a net heating value of 
525 to 545 Btu. Prior to 1950, plant surplus coke 
oven gas was sold to the local utility company. In 
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Fig. 1—Roasting flowsheet, Bethlehem Steel Co. Sparrows Point plant. 


that year, however, a conversion was made from 
manufactured to natural gas in the area, and it be- 
came necessary to find additional usage in the plant 
for coke oven gas. This development had been 
known, and extensive testing indicated that substi- 
tution of coke oven gas and coal tar or pitch for fuel 
oil in the open hearth furnaces would actually reduce 
the heat time and consequently increase capacity of 
existing furnaces. Coke oven gas, however, contains 
hydrogen sulfide, the amount at Sparrows Point 
varying from 300 to 450 grains per 100 cu ft of gas. 
Since sulfur is undesirable in the open hearth fur- 
naces, particularly if high capacity is required, it 
became necessary to remove a large percentage of 
the hydrogen sulfide from the coke oven gas that 
was to be used for open hearth fuel. 

This also had been anticipated, and in July 1950, 
when the conversion to natural gas was made, the 
first unit of the coke oven gas desulfurizing plant 
went on stream. The unit was designed to process 
20,000,000 cu ft of gas per day, reducing the hydro- 
gen sulfide content to 50 grains per 100 cu ft. 

As coking operations expanded, making available 
additional gas, and as the success of the new open 
hearth fuel was demonstrated, additional desulfuriz- 
ing units were put in operation. No. 2 unit went on 
stream in 1952 and No. 3 in 1953. At the present time 
approximately 50 pct of the total coke oven gas, or 
70 million cu ft per day, is being desulfurized and 
utilized in open hearth furnaces. This operation re- 
sults in the production of 20 to 22 tons of hydrogen 
sulfide per day. 

The hot vaccum actification process is employed to 
desulfurize the gas. This is a continuous liquid proc- 
ess where 2 pct sodium carbonate solution is em- 
ployed to absorb hydrogen sulfide from the gas. The 
foul solution is continuously reactified with heat in a 
vacuum system. Hydrogen sulfide along with some 
hydrogen cyanide and carbon dioxide is continu- 
ously removed from the system. Hydrogen cyanide 
is undesirable in the acid plant, so it is removed 
from the mixture of acid gases by selective absorp- 
tion in water. The resultant acid gas mixture, nor- 
mally containing 90 pct hydrogen sulfide, is piped 
under negative pressure to a combustion chamber 
and waste-heat boiler at the acid plant. 

Treatment of iron ore from Bethlehem’s Cornwall 
mine near Lebanon, Pa., has resulted for a number 
of years in the production of a byproduct pyrite con- 
centrate containing a recoverable quantity of cobalt. 
This pyrite was custom roasted for sulfur removal 
in multiple-hearth roasters and subsequently given 
a chloridizing roast prior to water leaching for the 
recovery of the cobalt. Work done by the Bethlehem 
raw materials research dept. indicated that it should 


518—MINING ENGINEERING, MAY 1956 


be possible to sulfate roast the pyrite initially in a 
fluidized roaster and obtain higher cobalt recovery 
with elimination of the chloridizing roast. Gas from 
the sulfate roasting would contain 7.5 to 8.5 pct SO,, 
which is sufficient for acid making. This has worked 
out satisfactorily in the plant. Approximately 50 to 
55 tod of Lebanon pyrite is currently roasted in one 
of the three reactors, producing a calcine that is 
water leached without further treatment. Cobalt re- 
covery from the calcine averages nearly 90 pct. 

Pyrites from Bethlehem’s Grace mine near Mor- 
gantown, Pa., will eventually supply raw material 
for the other two reactors. They are, however, cur- 
rently supplied with purchased pyrites obtained 
from Canadian sources. Current operating rate re- 
quires a 70-tpd feed to each of these reactors. The 
Canadian pyrite is dead burned, producing gas con- 
taining 12 pct SO, and calcine containing normally 
0.25 to 0.35 pct total sulfur. 

All calcine is sintered and utilized as part of the 
blast furnace burden. 

Acid Plant General: Pyrites from the various 
sources are received in gondola cars and unloaded 
into separate bins in the pyrite storage building, 
which is equipped with an overhead crane. Canadian 
pyrite is shipped from April through November, 
which necessitates considerable stockpiling to carry 
through the winter. As bin storage is insufficient, it 
is necessary to truck some of the material from the 
building to outdoor storage. During the winter the 
pyrite is reclaimed from storage piles and trucked 
back to the bins as needed. 

The roasting section of the plant consists of three 
fluidized bed reactors, each with its own auxiliary 
equipment. A detailed description of this section is 
presented below. 

A blower located at the acid plant delivers the 
hydrogen sulfide through backfire preventers into 
the combustion chamber. Controls regulate the 
blower so that there is a slight suction in the hydro- 
gen sulfide transmission line at the gas desulfurizing 
plant 4000 ft distant. Secondary air is controlled to 
the combustion chamber to reduce the temperature 
of the combustion gases to 1050°C. The gas contain- 
ing approximately 7 pct SO, passes through a waste- 
heat boiler where it is cooled to 250°C, producing 
7000 lb of steam per hr at 225 psig. 

Gas from the waste heat boiler joins the gas from 
the three reactors in a common duct. The combined 
gas passes through a wet scrubber, where it is 
humidified and cooled to 35° to 37°C. Solids are re- 
duced from 4.1 to 0.03 grains per cu ft. The gas next 
passes through two electrical precipitators in par- 
allel where mist and additional solids are removed. 
The cool clean gas now enters the contact plant, 
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which is conventional in design. Vanadium pent- 
oxide catalyst is employed in a three-stage converter. 

: Product acid is withdrawn from the 66°Be drying 
circuit and passes through a stripper where a stream 
of air removes free SO.. The air and SO, are intro- 
duced into the main gas stream ahead of the drying 
tower. 

Product acid, free of SO., enters one of two 800- 
ton running tanks. Acid for coke oven operations is 
pumped from these tanks directly to small storage 
stations at the two ammonium sulfate plants and the 
light-oil refining plant. Acid for pickling is trans- 
ferred to the various mill storage stations in 10,000- 
gal tank cars. There are 11 of these cars in service. 
A central storage station consisting of two 3000-ton 
tanks permits a moderate working inventory. 

The acid plant is operated as a part of the coal 
chemical section of the coke oven dept. On the day 
shift six maintenance men work five days a week 
and two work Saturday and Sunday. The day shift 
force includes: acid plant foreman, slurryman, car 
positioner, pyrite craneman, gas tester, and acid 
pumpman. All shifts include an acid plant turn fore- 
man, contact operator, reactor operator, and two 
plant helpers. On the second and third shifts, one 
man works seven days per week. Additional main- 
tenance men are drawn as required from general 
departmental or general plant forces. 

Reactor Installation: The reactor installation 
consists of three 18-ft fluidized bed reactors. 
Each reactor is part of a completely independent 
unit. Reactors No. 1 and 2 burn at the present time a 
mixture of Canadian pyrites. Reactor No. 3 treats 
the cobalt-bearing Lebanon pyrite concentrate. The 
flowsheet of the roasting plant is shown in Fig. 1 and 
the general layout in Fig. 2. 

The pyrite storage, pyrite slurry system, dust col- 
lecting system, calcine handling, and calcine storage 
and auxiliary equipment for each of the three reac- 
tors are identical. 

Pyrite concentrate, containing 5 to 12 pct mois- 
ture, is loaded once a day into pan feeders 72-in. 
wide, provided with steel hoppers 5 ft 6 in. by 25x7 
ft 10 in. high. From here the concentrate discharges 
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plant. Common gas duct for 
three reactors is shown at 
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Fig. 2—General layout, reactor-sulfuric acid plant, Sparrows 
Point. 


onto 24-in. inclined belt conveyors that transfer the 
concentrate into 5x12-ft double-shaft log washers or 
blungers. An overhead electromagnet removes iron 
scrap from the inclined belts. Water is added to the 
blungers to repulp the concentrate and prepare a 
slurry containing 74 to 78 pct solids. 

Slurry from the blungers is screened on single- 
deck 3x6-ft low-head vibrating screens using %4-in. 
mesh stainless steel cloth to remove trash. The slurry 
is pumped from a sump tank by 3-in. diaphragm 
slurry pumps into slurry-agitator tanks 12 ft diam 
and 14 ft high. Sufficient slurry is prepared and 
stored in the first shift to last for 24-hr operation. 

Density of the pyrite slurry is checked manually 
in pulp density scales before it enters the slurry 
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Fig. 3a—Pyrite dead roasting, dust loading reactor plant. 
Solids in grains per cubic foot dry gas measured at 15°C. 
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Fig. 3b—Screen analyses for pyrite dead roasting plant. 


storage tanks. The density readings are used to con- 
trol the amount of water added to the blunger. 

Slurry from the slurry storage tanks is pumped by 
2-in. diaphragm pumps into constant-head tanks 4 ft 
diam by 5 ft high. Excess slurry flows by gravity 
back to the slurry storage tank. From the constant- 
head tanks the pyrite slurry is finally pumped by 
144-in. diaphragm pumps into the reactors. Dupli- 
cate pumps insure continuous operation. 

The abrasive character of the pyrite, together 
with the corrosive properties of the slurry, due to 
the presence of 2 to 15 pct pyrrhotite in the concen- 
trates used, made it necessary to protect all the 
equipment handling the pyrite slurry against both 
abrasion and corrosion. Rubber covering and 316 
stainless steel are used in the slurry-feed systems. 
Use of 316 stainless steel has greatly helped in main- 
taining a continuous trouble-free operation. 

The roasters are single-compartment fluidized bed 
reactors. The 20 ft 3-in. diam steel shell is protected 
inside with 9 in. of insulating refractory and 4% in. 
of fire brick and outside with 2% in. of insulation. 
The purpose of the insulation is to maintain skin 
temperatures of about 550°F to protect the steel 
against possible attack by the roasting atmosphere. 
A 5-ft fluid bed, composed of roasted pyrite parti- 
cles, practically all coarser than 200 mesh (74 1), is 
maintained inside the reactor by means of an over- 
flow pipe. The freeboard amounts to about 10 ft. 

The air to fluidize and roast the pyrite concentrate 
is supplied by multistage turbo blowers rated at 6000 
scfm and 5 psig differential pressure. Air at about 
4 psig enters the wind box of the reactor and is dis- 
tributed throughout the area of the roaster by 332 
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nonsifting nozzles. A superficial velocity of 1.2 to 19 
fps, measured at the roasting temperature, is main- 
tained inside the reactor. 

An auxiliary fuel oil burner is used to bring the 
fluid bed above the ignition temperature of the 
pyrite at the start of the roasting operation. The 
exothermic character of the chemical reaction re- 
sulting from the burning of the pyrite maintains the 
combustion process once it is started. 

Pyrite slurry is fed into the reactor through a 
l-in. diam stainless steel gun at about the level of 
the fluid bed. The gun extends about 12 in. inside the 
reactor wall. Each reactor is equipped with two guns. 

The temperature to be maintained in the roasting 
operation is controlled by injection of water through 
the feed gun. A temperature-recorder-controller in- 
strument regulates automatically an air-operated 
valve in the water line. The sensing element that 
activates the controller is a thermocouple that meas- 
ures the bed temperature at a point 1 ft above the 
air-distributing bottom plate and below the feed 
gun. 

Practically all the roasted pyrite particles smaller 
than 150 mesh (104 ») leave the reactor with the 
gases resulting from the roasting operation. The 
carryover is roughly about 95 pct for reactors No. 1 
and 2 and about 75 pct for reactor No. 3. Part of the 
solids (dust) is recovered in a two-stage cyclone 
system; the balance is collected by a wet scrubber. 
No attempt to recover the solids from the scrubber 
effluent has been made up to the present time. Loss 
of solids in the scrubber effluent amounts to about 8 
pet of the weight of the feed for reactors No. 1 and 2 
and about 12 pct of the weight of the feed for reac- 
tor No. 3. 

The dust-collecting cyclone system consists of a 
single 78-in. diam cyclone per stage. Cyclones are 
protected inside with a 3-in. thick castable refrac- 
tory lining and on the outside with 2% in. of block 
insulation. 

Dust loss is particularly serious in the No. 3 unit, 
which handles the cobalt-bearing Lebanon pyrite 
concentrate. To improve the dust collecting efficiency 
in this unit, the secondary cyclone in the system de- 
scribed above has been replaced with a bank of four 
30-in. diam stainless steel cyclones connected in par- 
allel. With this arrangement the calcine loss has been 
decreased to 6 pct of the weight of the feed. 

The poor collecting efficiency shown by the 
cyclones is not only due to the particle size of the 
calcine lost (50 to 55 pct of this material is smaller 
than 10 » and practically all of it is —40 »), but also 
to the character of the —60 » calcine particles that 
often plug up the cyclone discharge legs. Use of 
thermocouples. located in the seals of the discharge 
legs has helped warn the operator when the cyclones 
are not functioning properly. Usually, rodding or 
blowing a discharge leg is sufficient to open it. 

The reactor overflow and each one of the cyclone 
discharge legs are equipped with U-type seals. One 
side of the U is connected to the cyclone tailpipe. 
The collected calcine is fluidized with a small amount 
of air (from 1 to 7 cfm per seal) and forms a barrier 
to the gaseous roasting atmosphere. As calcine col- 
lects in the seal, the excess solids overflow through 
the opposite side of the U. 

These U seals also provide a convenient way to 
discharge the hot calcine (about 400°C) into rotary 
coolers 3 ft diam by 25 ft long that are partially sub- 
merged in water. The calcine is cooled here to about 
40°C. From the cooler 3-in. pneumatic conveyor sys- 
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tems transfer the calcine into 150-ton storage bins. 
Rotary unloaders receive calcine from the storage 
bins, add about 12 pct water and discharge the mois- 
tened material into railroad cars. Addition of water 
is necessary to prevent dusting of the calcine. 

; Finally, a dual-bag filter unit on top of No. 3 bin 
is used to clean the air from all three pneumatic 
conveyor systems before it is exhausted to the 
atmosphere. 

Instrumentation and Control: Temperatures in 
each of the reactors are measured and recorded at 
the wind box: at 1 and 3 ft above the bottom air- 
distributing plate, in the fluid bed; at 1.0 ft below 
the top of the reactor, in the freeboard; at the gas 
outlet from the secondary cyclone; at the discharge 
legs from the cyclones; at the cooler inlet and cooler 
discharge. The thermocouple which measures the 
bed temperature at 1.0 ft above the bottom plate is 
connected to a temperature-recorder-controller in- 
strument. The water added to control the roasting 
temperature is regulated by this instrument. An in- 
dicating rotameter in the instrument panel measures 
the addition of cooling water. The operator logs the 
temperatures and the rate of cooling water every 
lobe, 

Pressures at the wind box, bottom of the fluid bed, 
freeboard, and exhaust duct at the secondary cyclone 
are measured by indicating pressure gages located in 
the instrument panel. Air flow is measured by an 
orifice plate and the volume is recorded by instru- 
ment. Air flow is regulated manually by means of a 
butterfly valve. Pressures and air flow readings are 
logged every 2 hr. 

The pyrite-slurry density is measured manually 
in pulp-density scales every 2 hr. The slurry sample 
is cut at the inlet of the constant-head tanks. Con- 
sumption of slurry is checked by measuring the drop 
of the slurry level in the slurry-agitator tanks at 
2-hr intervals. The timer setting and the stroke 
length of the diaphragm feed pump are checked 
every 2 hr. All these readings are recorded on the 
operating log sheet. The amount of slurry fed is con- 
trolled by adjusting the number of strokes, the 
length of the stroke or both, in the diaphragm feed- 
ing pumps. 

Composition of gases leaving the secondary cy- 
clones is determined manually at least once a day. A 
continuous oxygen gas analyzer is used to record the 
oxygen content in the exhaust gases of any one of 
the three reactors. The gas analysis serves to check 
both the feeding and fluidizing air rates. 

In practice the operator is given the amount of 
air, the tonnage, and the roasting temperature de- 
sired. The SO, and O, content of the exhaust gases 
indicates when the roasting is progressing properly. 
Once the amount of fluidizing air is fixed, it is a mat- 
ter of adjusting the pyrite feed rate to maintain a 
given set of roasting conditions. 

Composition, which is fairly constant, and tonnage 
of the pyrite concentrates processed in the re- 
actor section are checked by sampling and weighing 
each railroad car received. Each composite of every 
source is sized weekly and analyzed for sulfur, iron, 
silica, copper, and zinc; Lebanon pyrite is also ana- 
lyzed for cobalt. Because of the value of Lebanon 
pyrite, this concentrate is sampled again in slurry 
form at the constant-head tank. A weekly composite 
of samples cut every 2 hr is analyzed for sulfur, iron, 
cobalt, and copper. 

Calcine output is sampled and weighed as it leaves 
the plant. Composition of the Canadian calcine, it 
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was found, remains fairly constant, and weekly sam- 
ples taken from the railroad cars are screen sized 
and analyzed for moisture, iron, sulfur, and silica. 
The Lebanon calcine is sampled every 2 hr at the 
cooler discharge and also at the railroad cars before 
it leaves the plant. The 2-hr sample is composited 
daily and the daily composites are recomposited 
weekly. Part of the daily sample is leached in water 
to determine the soluble cobalt content of the cal- 
cine. The cobalt extraction is computed from the 
cobalt content of the leaching solution. The weekly 
composite calcine is also leached in water, but the 
calcine, the leaching solution, and the leached resi- 
due are analyzed: the solids for iron, cobalt and sul- 
fur, the solution for iron and cobalt. The cobalt con- 
tent of the weekly composite calcine is used to 
compute the extraction in the daily composite. The 
calcine sample from the railroad cars is leached in 
the same manner. 

The quantity and composition of the solids leav- 
ing the secondary cyclones are checked by samples 
taken from the water scrubber effluent. A sample is 
cut every 2 hr and composited daily. Consistency of 
daily results made possible a weekly recomposite. 

The composite effluent sample is first analyzed for 
percent solids. Iron, cobalt, and sulfur are deter- 
mined in the solids, and iron, cobalt, and sulfate 
radical in the clear solution. These analyses, to- 
gether with the amount of water used in the scrub- 
ber, give a check on the dust losses from the re- 
actor units. The water used in the scrubber is 
measured by rotameters and every 2 hr the readings 
are recorded in the scrubber daily report log sheet. 

Dead Roasting of Pyrite: Pyrite concentrate is 
dead roasted in the fluidized bed reactors at Sparrows 
Point to convert the sulfur into sulfur dioxide gas 
of sufficient strength for manufacture of sulfuric acid. 
Secondary to the roasting operation is recovery of 
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Fig. 4a—Pyrite sulfate roasting dust loading reactor plant. 
Solids in grain per cubic foot dry gas measured at 15°C. 
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Table |. Operating Data for Dead Roasting Pyrites 


Weight of feed, pct: S, 46 to 50 
Fe, 44 to 45 
Cu, 0.06 to 0.40 
Zn, nil to 0.90 
0.80 to 2.50 


Sieve Analysis 


Mesh Cumulative Pct Retained 
65 Ito 
100 fay toy 
200 12 to 49 
325 20 to 72 


Roasting Operation 


Feed: rate, 71.5 dry net tpd reactor 
slurry, 78.0 pct solids 
Air: 45 cu ft per lb, or 4500 cfm 
Temperatures: wind box, 52°C 
bed, bottom, 800°C 
middle, 808°C 
freeboard, 795°C 
second cyclone, exit, 643°C 
cooler inlet, 419°C 
cooler outlet, 36°C 
Pressures: wind box, 4.1 psig 
fluid bed, 58 i.w. 
freeboard, 13 i.w. 
second cyclone, exit, 8 i.w. 
Secondary cyclone exhaust gases, pct by volume: 
SOs, 11.5 (computed pct, 12.7) 
SOs, nil (computed pct, 0.7) * 
Os, 1.8 (computed pct, 2.8) 
No, nil (computed pct, 83.8) 
Moisture content: 29.0 pct (computed, wet basis) 
Dust loading: 2.2 lb per 1000 cu ft (computed, dry basis) 
Water to reactor: in slurry feed, 3.1 gpm per reactor 
to control temperature, 6.5 gpm per reactor 


Calcine Recovered, 42.8 Tpd Per Reactor 


Weight, pct: Fe, 63 to 66 


S, 0.15 to 0.50 
1.5 to 4.5 


Sieve Analysis 


Mesh Cumulative Pct Retained 
65 0.2 to 2.0 

100 1to5 

200 15 to 30 

325 40 to 60 


Calcine Lost (Computed), 6.6 Tpd Per Reactor 


Fe, 56 to 57 pct 
S, 2.0 to 2.5 pct 


* Ratio of SOz to SOs determined by test. 


the iron content of the concentrate as an iron oxide 
calcine. 

Roasting conditions necessary to insure the maxi- 
mum generation of sulfur dioxide gas are known. 
In the dead roasting operation at Sparrows Point, 93 
to 95 pct of the sulfur in the pyrite is converted to a 
sulfur dioxide gas analyzing 12 to 13 pct SO,. The 
oxygen content of these gases is maintained at 1 to 
2 pet. Typical operating data obtained during the 
dead roasting pyrite concentrates are summarized in 
Table I, and dust loadings in the gaseous reactor 
products are shown in Figs. 3a and 3b. 

The fluidized bed reactors have been operated at 
different rates of feed and with four different kinds 
of pyrite concentrates. Feed rates have varied from 
a low of 35 tpd up to 90 tpd. At the highest feed rate 
the calcine conveying equipment reached its maxi- 
mum capacity. One of the pyrite concentrates was so 
fine that it was necessary to operate the reactor with 
no overflow, and flue dust was mixed with the con- 
centrate to maintain a satisfactory bed level. The 
level of the fluid bed is checked by measuring the 
pressure at the bottom of fluid bed; 60 to 65 i.w. are 
maintained in all three reactors. 

The sulfuric acid section of the plant is shut down 
at least once a year for about a week. In these in- 
stances the reactors are blanked off. The fluid beds 
cool down at a rate of 50° to 60°C per day in moder- 


522—MINING ENGINEERING, MAY 1956 


Table II. Operating Data for Sulfate Roasting Lebanon Pyrite 
Concentrate 


Weight of feed, pct: S, 48.9 
Fe, 41.2 
Co, 1.42 
Insoluble, 4.5 


Sieve Analysis 


Mesh Cumulative Pct Retained 
48 0.6 
65 1.9 

100 9.1 

200 40.5 

325 61.1 


Roasting Operation 


Feed: rate, 55 dry net tpd reactor 

slurry, 75 pct solids 

additives, 10 lb soda ash per ton of concentrate 
Air: 60 cu ft per lb, or 4600 cfm 
Temperatures: wind box, 49°C 

bed, bottom, 600°C 

middle, 614°C 

freeboard, 603°F 

second cyclone, exit, 566°C (legs=450°C) 

cooler inlet, 380°C 

outlet, 49°C 
Pressures: wind box, 3.8 psig 

fluid bed, 67 i.w. 

freeboard, 15 i.w. 

second cyclone, exit, 9 i-w. 

Secondary cyclone exhaust gases, pct by volume: 
SOs, 7.4 (computed pct, 8.3) 

SOs, nil (computed pct, 1.3) * 

Oo, 7.8 (computed pct, 7.2) 

Noe, nil (computed pct, 83.2) ; 
Moisture content: 25.6 pet (computed, wet basis) f 
Dust loading: 1.09 lb per cu ft (computed, dry basis) 
Water to reactor: in slurry pulp, 3.0 gpm 

to control temperature, 5.5 gpm 


Calcine Recovered, 37.2 Dry Net Tons Per Reactor 
Weight, pct: Fe, 57.0; Co, 1.95; and S, 3.8. 


Sieve Analysis 


Mesh Cumulative Pct Retained 
65 

100 5.1 

200 30.6 

325 52.0 


Calcine Lost (Computed), 3.4 Dry Net Tons Per Reactor 
Fe, 43.5 pct 
Co, 1.75 pet 
S, 11.2) pet 
Cobalt solubility, 89.5 pet 
Ratio of Co to Fe solution, 3.5 to 1.0 


Roasting Balance 


Analysis Distribution 
Weight, Fe, Co, Ss, Fe, Co, Ss, 
Material Pet Pet Pet Pet Pet Pet Pet 


Concentrate: 100.0 41.2 1.42 48.9 100.0 100.0 100.0 
Calcine 


Overflow 18.5 58.6 1.84 2:3 26.3 23.9 0.9 
First cyclone 35.6 61.2 2.08 1.7 52.9 52.0 12 
Second 

cyclone 13.5 43.5 LEZ 14.2 16.5 Sr 
Composite 67.6 57.0 1.95 3.8 93.4 92.4 5.2 
Losses 6.2 43.7 1.74 11.4 6.6 7.6 1.4 
Total = ene: 55.8 1.93 4.4 100.0 100.0 6.6 


Gases,** Pct by Volume: SOx, 8.3; SOs, 1.3; Os, 7.2; Ne, 83.2. 


Leaching Balance 


Analysis Distribution 
Weight, Fe, Co, Ss, Fe, Co, Ss, 
Material Pet Pet Pet Pet Pet Pet Pet 
Leached 
Residues 
Overflow 16.5 65.5 0.20 0.23 26.2 2.3: 0.08 
First 
eyclone S20 67.1 0.27 0.09 52.6 6.1 0.06 
Second 
cyclone 9.4 60.5 0.29 0.37 13.8 1.9 0.07 
Composite 58.2 65.6 0.25 0.17 92.6 10.3 0.21 
Solutions 
Overflow Coto Fe 6.6 0.11 21.6 0.80 
First 
cyclone CotoFe 8.1 = 0:20 45.9 1.18 
Second 
cyclone CotoFe Ld 0.47 14.6 3.06 
Composite Coto Fe 3.6 0.78 82.1 5.04 


** 81.0 pet of the sulphur content of the gases was in the form of 
SOs and 12.4 pct in the form of SOs. 
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ate weather. If the shutdown does not last more than 
7 days the reactors are put into operation without 
preheating the beds. 

The overall conversion of sulfur into sulfuric acid, 
obtained by dead roasting pyrite concentrates, is 88 
to 90 pct of the sulfide sulfur. 

Forty-four thousand dry net tons of Canadian 
pyrite concentrate were dead roasted in 1954. 
Twenty-five thousand three hundred dry net tons of 
calcine were recovered. The sulfuric acid manufac- 
tured from these pyrites was estimated at 58,200 net 
tons of 100 pct sulfuric acid. 

Cobalt Sulfate Roasting: Roasting conditions that 
promote sulfatization are the opposite of those 
maintained in dead roasting. The theory of sulfate 
roasting is well known. Commerical application of 
these conditions to both preferentially sulfate cobalt 
and production of sulfur dioxide gas of sufficient 
strength to manufacture sulfuric acid has not been 
done before in a single roasting operation. Typical 
operating data obtained during the sulfate roasting 
of Lebanon concentrates are summarized in Table 
II, and dust loadings in the gaseous reactor products 
are shown in Figs. 4a and 4b. 

The ratio of iron to cobalt in the Lebanon pyrite 
concentrate varies from 20 Fe to 1 Co to 30 Fe to 1 
Co. The reactor roasting of this concentrate under 
conditions to promote the preferential sulfatization 
of the cobalt has given an average 90 pct cobalt 
extraction at the leaching plant. Average iron solu- 
bility is about 0.75 pct of the iron contained in the 
sulfated calcine. The ratio of cobalt to iron in the 
leaching solution averages 3.5 Co to 1 Fe. 

The sulfur dioxide content in the gases leaving the 
secondary cyclone is 7 to 8 pct, the oxygen content 
6 to 7 pet. Conversion of sulfur into sulfur dioxide, 
obtained by sulfate roasting, is 80 to 83 pct of the 
sulfide sulfur. Overall conversion of sulfur to sul- 
furic acid is 75 to 78 pct of the sulfide sulfur. 

In the course of investigating the effect of the sul- 
fate roasting gases on production of sulfuric acid, 
Lebanon pyrite concentrate was dead roasted for five 
months in 1954. The concentrate was roasted at 
1560°F (850°C). A feed rate of 50 to 55 tpd with an 
air rate of 3500 to 3600 cfm (46 cu ft per lb of con- 
centrate) was maintained. Cobalt solubility dropped 
to about 0.7 pet, sulfur conversion to sulfur dioxide 
gas increased to 86 to 88 pct, and overall conversion 
of sulfur to sulfuric acid increased to 81 to 83 pct of 
the sulfide sulfur. The dead burned calcine was 
chloridize roasted and cobalt extractions of 90 to 92 
pet were obtained. This cobalt extraction was much 
higher than that obtained when the same material 
had been dead burned in previous years in multiple- 
hearth roasters. 

To date Lebanon pyrite concentrate has been sul- 
fate roasted at rates of 35 to 55 tpd. Availability of 
this concentrate has dictated the roasting rate. From 
August to December 1954 a total of 5600 dry net tons 
were sulfated. Calcine shipped in the same period of 
time totaled 3500 dry net tons. Production of sul- 
furic acid from the sulfate roasting operation was 
estimated at 6700 net tons of 100 pct sulfuric acid. 

Operational and Maintenance Difficulties: The 
original installation included centrifugal pumps for 
slurry handling. Such pumps had performed satis- 
factorily on similar applications. In this case, how- 
ever, the pyrite contained pyrrhotite and was much 
more abrasive than anticipated. The cast iron pumps 
were a continual source of trouble in the initial op- 
erating stage. In some cases rotors were replaced 
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after 24 to 30 hr of service. A change to rubber-lined 
pneumatic pumps was quickly made. These pumps 
have proved satisfactory. 

The severe abrasive and corrosive condition also 
made it necessary to change the slurry agitator 
mechanisms from steel to type 316 stainless steel. 

There is considerable replacement required on 
blunger shafts and paddles as well as on the rotors 
and barrels of the calcine pumps that feed the pneu- 
matic conveying system. Some change in material is 
called for here. 

Piping in the calcine conveying lines, particularly 
the bends, has relatively short life. A number of ex- 
perimental pieces have been installed, including 
hard cast iron-backed steel pipe and silicon carbide- 
lined pipe. 

Originally the calcine from the cyclones was col- 
lected in water-jacketed stainless steel screw con- 
veyors, which fed the material into the rotary 
coolers. These conveyors proved to be high mainten- 
ance items. When it was found that one of the three 
sections could be eliminated, this change was made 
on all three reactors, reducing screw maintenance by 
a third. Recently the shortened screw was com- 
pletely eliminated on one reactor. Feeding calcine 
directly into the cooler appears satisfactory, and it is 
probable that the screws will be eliminated entirely. 

Some difficulties have been encountered due to 
particle size of the pyrites. The original purchased 
pyrite was extremely fine (85 pct —325 mesh) and 
contained considerable pyrrhotite. Due to the fine 
particle size it was necessary to add flue dust to 
maintain a reactor bed, and of course a high percent- 
age of calcine passed through the cyclones and was 
lost in the scrubber effluent. The material showed a 
tendency to pelletize in repulping, which resulted in 
a high rate of reject from the vibrating screen. This 
rejected material was recycled. There was also pel- 
letizing in the slurry-circulating system which 
eventually caused stoppages. Pyrrhotite may have 
been responsible for the pelletizing. 

Material from another source was considerably 
coarser with 40 pct —325 mesh. This pyrite slurried 
nicely and even when it was blended with 50 pct of 
the first material there was no difficulty in maintain- 
ing reactor beds at high operating rates. Using the 
first material alone it was impossible to operate over 
50 pet of rated reactor capacity. Later shipments of 
the second material were still coarser, ranging from 
25 to 35 pet —325 mesh. Reduction of fines to this 
extent proved unsatisfactory when the material was 
used without blending. In the Sparrows Point slurry 
system with the pyrites used it has been found es- 
sential that there be approximately 40 pct fines 
(—325 mesh); otherwise the slurry is not stable and 
the coarser particles settle out, causing stoppages. 

During early operation of the plant there were 
several occasions where reactor beds became clink- 
ered and defluidized. It was necessary to remove the 
clinkered material and make a new bed. This condi- 
tion was largely the result of unsatisfactory opera- 
tion of the slurry system, particularly the pumps. 
Overfeeding or overaddition of water for control 
usually started the trouble. Since operation of the 
auxiliary equipment has been improved there has 
been no difficulty with reactor operation. Since early 
1954 plant delays due to the reactors have been 
practically nonexistent. 


Discussion sent to AIME (2 copies) before Aug. 31, 1956 will ap- 
pear in Mininc ENGINEERING and in AIME Transactions, Vol. 205, 


1956. 
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More Rock Per Dollar 
From the Maclntyre Pit 


by F. R. Jones 


T Tahawus, N. Y., National Lead Co. operates 

the MacIntyre development. Here the world’s 
largest titanium mine produces 5200 long tons of 
ore per day and pours 8000 long tons of waste rock 
over its dumps. Concentrated ilmenite is sent by 
rail to National Lead Co. pigment plants, and a 
second product, magnetite, is sold to steel producers 
in raw form or is agglomerated and shipped as 
sinter. 

Several earlier attempts had been made to pro- 
duce iron from the deposits, which have been known 
since 1826. These attempts failed, chiefly because of 
titanium impurity. In 1941 the present owners re- 
established the operation for production of war- 
scarce ilmenite, and the impurity became the main 
product. 

The Ore: The MacIntyre ore zone is about 2400 ft 
long and 800 ft wide in horizontal measurements. 
Ore outcrops were found on the northwest side of 
Sanford Hill, 450 ft above Sanford Lake and 2500 ft 
southeast. The zone dips at about 45° toward the 
lake and plunges to the southwest. 

The ore minerals, ilmenite and magnetite, are un- 
evenly distributed in bands roughly parallel to the 
long axis of the ore zone and are interspersed with 
bands and horses of waste. Hanging wall ores are 
fine grained and grade from rich ore to waste rock 
or gabbro. Footwall ores are coarse grained and are 
almost entirely ilmenite and magnetite. The foot- 
wall waste rock, anorthosite, is the common country 
rock. Several faults cut the ore zone. These faults 
have no great displacement but do contribute to the 
great physical variations in ore rock and surround- 
ing waste. 

The Mine: The MacIntyre mine is an open pit 
operation, with benches at 35-ft intervals. The low- 
est bench is now 54 ft below lake level. 

Loading equipment consists of three electric- 
. powered shovels (a P & H model 1400 with 4-yd 
dipper and two Bucyrus-Erie models 85-B with 
24%-yd dippers) and one diesel-powered shovel (a 
Northwest model 80D with 212-yd dipper). 

Ore and waste are transported to a 48x60-in. jaw 
crusher in ten 22-ton Euclid trucks with 300-hp 


F. R. JONES, Member AIME, is Mine Superintendent, MacIntyre 
Development, Titanium Diy., National Lead Co., Tahawus, N. Y. 

TP 4228A. Manuscript, Noy. 14, 1955. New York Meeting, 
February 1956. 
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diesel engines. Ordinarily the two Bucyrus-Erie 
21%-yd shovels load ore into a fleet of three or four 
trucks. This combination works two 8-hr shifts per 
day, moving 5200 long tons of ore to the crusher 
and removing a small portion of the waste rock. 
The P & H model 1400 shovel, with a fleet of four 
trucks, loads waste on three shifts per day. The 
mine operates on a 5-day week, with a small main- 
tenance crew working Saturday. 

Oversize rock is broken by a dropball handled by 
an Osgood model 825 rubber-mounted crane.’ Ore 
and waste are broken by drilling and blasting 9-in. 
diam vertical holes behind the benches. Bucyrus- 
Erie 42-T churn drills are used to drill the holes, 
which are extended 4 ft below the bench level on 
which the broken rock will fall. 

Drilling and Blasting History: In its early years 
the mine was equipped with Bucyrus-Erie 29-T 
churn drills, which drilled 6-in. holes. To keep up 
with production requirements the hole diameter was 
soon increased to 9 in., and by 1950 the three 42-T 
drills now in use had been acquired. 

Early blasting experiments with different kinds 
and grades of explosive led to adoption of 90 pct 
straight gelatin dynamite as standard. It was recog- 
nized that this explosive was expensive, and from 
the start of operations until 1950 extensive experi- 
ments were made using blasting agents of the am- 
monium nitrate family. Results were recorded as 
uniformly poor, with great build-up of oversize 
rock. The expense of these experiments, and the 
discouraging results, caused the abandonment of 
any expectation of breaking MacIntyre rock with 
anything but 90 pct straight gelatin dynamite. 

Further standardization led to 9-in. well drillhole 
spacings set at 16 ft in ore and 18 ft in waste, excep- 
tions being permitted only for unusual conditions. 
The hole burdens were theoretically about 22 ft. 
Due to the extreme back-slope of bench faces, caused 
by blasting with heavy charges of dynamite, actual 
burdens were commonly well over 30 ft. Lack of 
precise control resulted in many holes having a 
burden as light as 15 ft. 

General practice was to stem 6 or 7 ft of hole with 
magnetite concentrate, the amount of stemming be- 
ing left to the discretion of the pit foreman. Usually 
all holes in a row were fired instantaneously with 
Primacord detonating fuse. Millisecond delays were 


TRANSACTIONS AIME 


used for occasional multiple rows only, or for other 
unusual conditions. 

Frequent increases in cost of dynamite and well 
drilling supplies were countered by improved tech- 
niques, so that primary drilling and blasting cost 


Table I. Cost History of Well Drilling and Blasting* 


Comparative 
Comparative Well Drill 
Production Well Drilling, Blasting, 
: Ore and Waste, Cost per Ton Cost per Ton 
ear Long Tons Produced Produced 
1947 1,706,898 155 1 
1948 3,499,226 121 101 
1949 3,498,202 88 81 
1950 2,625,217 88 94 
1951 2,781,621 88 104 
1952 2,235,288 91 94 
1953 3,368,753 100 100 


* Base year 1953 = 100. 


per long ton changed very little during the recent 
life of the operation up to and including 1953, see 
Table I. 

Further Testing: In view of the increasingly wide- 
spread use of cheaper explosives for open pit blast- 
ing, it was decided that a cheaper blasting procedure 
must be found for the MacIntyre mine. Because of 
previous poor results from costly experiments, it 
was realized that further testing must be carried out 
with utmost caution. The following procedure was 
outlined: 

1) Records would be set up to indicate in detail 
what results were being obtained from present drill- 
ing and blasting practices. 

2) To assure uniformity, burdens on blastholes 
would be carefully controlled by survey. 

3) By careful relating of dynamite charge to 
burden, spacing, and kind of rock being blasted, 
possible economies with the present explosive would 
be explored. 

4) Explosives manufacturers would be asked to 
recommend cheaper blasting techniques. 

5) The technique apparently best suited to Mac- 
Intyre conditions would be given fair trial, under 
guidance of the blasting experts of the explosives 
manufacturer. 

6) If test results indicated substantial savings, 
a continuous program of cost reduction by improved 
techniques would be followed. 

Establishment of Records: The following system of 
records was established: 

1) The mine engineering dept. provided a shot 
map on a scale of 1 in.:50 ft for each shot, or group 
of holes to be fired. On the map the toe burden of 
each hole was shown (thickness of rock to be 
sheared at the bench elevation on which broken 
rock falls) and depths of holes were indicated. 

2) The mine superintendent or his assistant 
made a shot sheet detailing the loading of holes. 
Once testing was well advanced a standard form 
was devised, and charting the shot sheet, Fig. 1, was 
turned over to the mine engineering dept. 

3) For visual comparison when new explosives 
were introduced, shots were photographed and prints 
produced at a standard scale, approximately 1 in.:25 
ft at crest-line. In general, shots were photographed 
at two stages: freshly shot and about half loaded 
out. 

4) The number of oversize chunks was recorded 
for each shot. 
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Starting in September 1954, the outlined test pro- 
cedure was applied. Early records pointed up the 
irregularity of toe burden achieved by current prac- 
tices. Heavy crest damage from instantaneous blast- 
ing of heavy dynamite charges caused burdens on 
subsequent holes to be very heavy, while lack of 
precise survey control resulted in many very light 
burdens, Figs. 1 and 2. To reduce crest damage, or 
back-break, millisecond delay firing with primar- 
cord connectors was introduced for all shots. 

Examination indicated that good blasting results 
throughout the pit were being obtained from shots 
with standard spacings (16 and 18 ft) and burdens 
up to at least 26 ft. In order to provide a starting 
base, all burdens were then pegged at 26 ft. With 
instantaneous blasting, a burden as low as 26 ft was 
seldom uniformly attainable. In shots drilled behind 
a millisecond delay blast it was unusual for the crest 
condition to impose a burden in excess of 26 ft for 
any hole, Fig. 2. 

Four-Month Results: At the end of January 1955 
the results shown in Table II had been obtained. 

The overall picture was most encouraging. Sav- 
ings up to 33 pct in drilling cost per ton and 22 pct 
in blasting cost per ton were indicated. During the 
four-month period the apparent combined saving on 
1,088,011 tons of ore and waste produced was $31,462, 
as compared to costs for the first nine months of 
1954. This saving was realized in spite of a dynamite 
price increase of 6.8 pct at the beginning of the test 
period. 

Although the testing program did not attain the 
maximum saving possible by carefully relating 
dynamite charges to burden, spacing, and kind of 
rock, it was recognized that further saving by re- 
duction of dynamite consumption per ton of ore and 
waste blasted would be relatively small and would 
be countered by increasing shovel maintenance costs 


Table II. Comparative Well Drilling and Blasting Costs* 


Comparative 
Comparative Well Drill 
Production, Well Drilling, Blasting, 
Ore and Waste, Cost per Ton Cost per Ton 
Period Long Tons Produced Produced 
1953 3,368,753 129 90 
1954 (first nine 
months) 2,363,718 100 100 
September 1954 to 
January 1955 
(four months) 1,088,011 78 78 
January 1955 278,644 67 83 


* Base: first nine months of 1954 = 100. 


and reduced production. It was therefore decided 
that the time was appropriate for beginning experi- 
ments with cheaper explosives or blasting agents. 

Choice of Experimental Material: In the choice of 
experimental explosive material the following con- 
siderations were involved: proved performance, 
safety, water resistance, flexibility, and cost. 

Previous experience pointed to the need for a 
strong explosive. It was thought that use of a slow 
or weak explosive would defeat possible savings by 
increasing shovel maintenance and secondary break- 
ing. It was considered wise, therefore, to try a fast, 
powerful explosive well proved in the field. 

It was recognized that members of the dynamite 
family are relatively sensitive to shock and abrasion. 
As evidenced by MacIntyre’s record of 14 years 
without blasting accidents, with due care and rigid 
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Fig. 1—Typical irregularity of toe burden behind instantane- 
ous shots. Gabbro and anorthosite waste and ore. Average 
breakage. 0.305 Ib per ton. Estimated tonnage, 21,600. 
1540 tons per hole. Total chunks, 60. ~ 


safety practice 90 pct straight gelatin dynamite can 
be handled safely. It was believed that the margin 
of safety could be increased by introducing a less 
sensitive explosive. 

The MacIntyre pit is a compact unit. From a 
relatively small number of active benches, a variety 
of grades and types of ores are required for con- 
centrator feed. Although shots are usually loaded 
and fired the same day, when the ore requirement 
is changed a shot is sometimes loaded and left 
for several days, and occasionally longer. Because 
ground water seepage and storm drainage often fill 
drillholes with water, water resistance was a prime 
factor in the choice of explosive. 

Flexibility in load design and ease of loading and 
handling were also considered important. 

Probable cost of explosive per ton of rock broken 
was the final criterion. Naturally, the cheapest mate- 
rial consistent with the above considerations was 
the most desirable. 

Since manufacture of explosives and blasting 
agents is an intensely competitive industry, several 
manufacturers were able to recommend explosives 
that had an excellent chance of reducing MacIntyre 
blasting costs. 

A line of canned explosives of the ammonium 
nitrate family was chosen as most likely to con- 
tribute maximum savings while fulfilling other re- 
quirements, Table III. 

Testing Procedure: Under direct supervision of a 
technical expert provided by the explosive manu- 
facturer, the first experimental shot using canned 


Fig. 2—Uniform toe burden obtainable behind millisecond 
delay shots. Apparently well broken. Half dozen oversize 
chunks. 0.237 Ib per ton. Estimated tonnage 14,600. Truck 
tonnage, 15,200. 1700 tons per hole. 


explosive A, pelletized explosive B, and canned 
primer charges was designed, with the same hole 
spacings and burdens standardized for recent dyna- 
mite shots, Table III and Fig. 3. 

The experimental part of the pit was to be the 
advancing face of the new Sub-4 level, chosen be- 
cause the ground was closely fractured and normally 
broke up well. The first shots were to be in waste 
rock, so that if poor results were obtained flow of 
ore to the crusher would not be hindered. 

The first shot was fired Feb. 15, 1955, and ap- 
peared well broken both when freshly shot and 
when loaded out. The powder factor was held at 
a safely high figure, and the bottom load was in- 
creased by using 50 lb per hole of the free-running 
pelletized explosive B. 

Other test shots in the above location were entirely 
satisfactory. Hole spacings and burdens were ad- 
justed to a more nearly square pattern (burdens 
being reduced, spacings increased) reducing both 
drilling and explosive requirements per ton. 

The new explosives were now tried in the more 
easily broken ground in other parts of the pit with 
equal success. By April 1, 1955, ten shots had been 
blasted, and a tabulation was made comparing re- 
sults with those obtained by blasting during ap- 
proximately the same period, and in similar ground, 
with 90 pct straight gelatin dynamite. A saving of 
28.4 pct in blasting cost was shown, Table IV, with 
no apparent bad effect on any part of the operation. 

Tougher Breaking: Sufficient experience had now 
been gained to consider extending use of the cheaper 


Table III. Explosives Used In Experiments* 


Water Resistance 


Price Per 
Product Density Sensitivity Cartridge By Itself In Container 100 Lb, $ 
90 pct straight 32 lb per ft Cap-sensitive. 50 lb, 8-in. Excellent Excellent 31.25 
gelatin dynamite in 9-in. hole. diam in waxed 
paper. 
75 pet special gela- 32 lb per ft Cap-sensitive. As above. Excellent Excellent 24.65 
tin dynamite in 9-in. hole. 
Explosive A 41.7 lb per ft Not cap-sensi- Metal cans Poor Excellent 17.70 
(Amytol, Sodatol, in 8%-in. diam can. tive. 2 ft long, 
Soda-Amytol; cast) various diam. 
Pelletized explosive B 31 lb per ft Not cap-sensi- Free-running, Excellent 20.00 
TNT) in 9-in. hole. tive. used in bulk. 
Explosive C 37 lb per ft Not cap-sensi- Metal cans Poor Excellent 16.64 
(Sensitized ammonium in 8% in. can. tive. 2 ft long, 
nitrate; packed) various diam. 
Primer charge 21 Ib per ft Not cap-sensi- As above. Poor Excellent 16.64 
(Desensitized Amytol in 7-in. diam cans. tive 
and grained Amytol; 
packed) 
Explosive D 27 lb per ft Not cap-sensi- Cardboard Poor 24 hr in 10.50 
(Sensitized ammonium in 8% in. diam tive. carton with 10 ft of 
nitrate; packed) carton. metal ends. water 


*The term explosive is used in the general sense and includes blasting agents. 
Prices quoted, for 7-in. diam cans and cartons or larger, are those in effect during the period covered by this discussion. 
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Table IV. Experimental Shots Compared to 90 Pct S. G. Shots in Similar Rock Jan. 1 to April 1, 1955 


Explosive, Lb 


Oversize 
Chunks C Pi 
ALAS Long Tons Per 1000 90 Pet 15 Pet Priaer Per Long 
e Broken Tons Broken 8.G. 8.G. A Charges B Total Ton 
3.82 74,100 2,150 76,250 0.222 
’ 4.18 37,098 9,019 2,650 48,767 0.280* 
* Cost saving 28.4 pct due to cheaper material. 
Table V. Early Results Experimental Blasting in Footwall Rock 
Explosive, Lb 
Chunks C Plus 
phate Long Tons Per 1000 90 Pet 75 Pet Primer Per Long 
ired Broken Tons S.G Sp.G. A Charges D Total Ton 
2 14,100 44.3 3,000 1,900 4,900 0.348 
3 15,800 43.9 4,738 2,032 1,232 8,002 0.505* 


* Cost saving 17 pct due to cheaper material. 


explosives to the tougher parts of the pit, that is, 
in the footwall zone. Here the ore is very dense, 
being composed almost entirely of ilmenite and 
magnetite. The waste is anorthosite. Both ore and 
waste are coarsely fractured, and when blasted they 
tend to roll out in blocks weighing many tons. 
Records indicated about four times as much over- 
size rock per thousand tons blasted from the foot- 
wall zones as from the hanging wall zones. 

The first shot in footwall ore was fired May 27, 
1955. Results were good, comparing well with the 
best dynamite shots in the same part of the pit. This 
shot and two subsequent shots were heavily loaded 
to insure breakage. Despite the extra heavy loading, 
a cost margin of 17 pct was maintained over two 
immediately prior shots using dynamite in adjacent 
and similar rock, Table V. 

Extended Use of Cheaper Explosives: The success- 
ful use of cheaper explosives in the tougher break- 
ing zones was extended. It was now indicated that 
the cost savings being made in drilling and blasting 
were not reappearing in other pit costs, Table VI. 

The addition of explosive D in May 1955 to the 
list of available blasting agents permitted further 
reductions in blasting costs, Table VII. Although 
MacIntyre was still using a few thousand pounds 
of 90 pct S.G. dynamite monthly, in order to use up 
material stocked by local suppliers especially for 
the MacIntyre operation, the cost per long ton for 
blasting from May 1 to Aug. 1, 1955, was reduced 
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Fig. 3—Shot sheet for first shot with experimental explosive. 
Apparently well broken. No oversize chunks. Estimated ton- 
nage, 17,200. Truck tonnage, 18,300. 0.287 Ib per ton. 
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by 47 pct as compared with 1954. It is anticipated 
that there will be further reduction when local 
stocks of dynamite are exhausted. 

Combined Saving, Drilling and Blasting: Indicated 
reduction in well drilling cost since the start of the 
present program is 28.9 pct compared to costs for 
the first nine months of 1954. Reduction in well 
drill blasting cost over the same period is 50.0 pct. 


Table VI. Mining Cost Per Long Ton Produced* 


Comparative 
Period Cost 
1954 (first nine months) 100 
October 1954 to January 1955 (four months) 100 
1955 (first eight months) 85 


* Base: first nine months of 1954 = 100. 


Combined saving on the above basis at the present 
rate of production is $188,000 per year. Compared 
to 1953 costs, the saving is $200,000 per year. 


Conclusion 

With the foregoing experimental program, ground 
once proved too tough to break by an explosive 
other than 90 pct straight gelatin dynamite is now 
being satisfactorily blasted by other explosives for 
half the cost. Drilling costs were reduced nearly 
one third during the course of the same program, 
without any improvement in drilling equipment, or 
even in drilling speed. 

It is the author’s opinion that in any open pit 
operation where the equivalent of the foregoing ex- 
perimental program has not been carried out, such a 
program will produce more rock per dollar. 

Blasting Technique Development: In the first of 
the experimental shots with canned explosive A, 
canned primer charges, and pelletized explosive B, 
it was thought desirable to initiate all shots at the 
bottoms of the holes, i.e., point of maximum con- 
finement. To get this result the primacord line to 
the top primer was delayed 9 milliseconds behind 
the line to the bottom primer. Later shots were fired 
by simultaneous firing of both lines of primacord, 
with no apparent disadvantage. 
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In the first half dozen experimental shots, 8-in. 
diam cans of explosive A were used as a bottom 
charge, augmented by the use of pelletized explo- 
sive B. When 8'%-in. cans of explosive A were ob- 
tained the pelletized explosive, $2 more per 100 lb, 
was eliminated except where there was a heavier 
than normal burden. 


Table VII. Comparative Costs of Well Drilling and Blasting, 
Showing Reductions to Aug. 31, 1955* 
Comparative 

Comparative Well Drill 

Well Drilling, Blasting, 

Production Cost Per Cost Per 

Ore and Waste, Long Ton Long Ton 

Period Long Tons Produced Produced 
1954 3,173,085 100 100 
1955 (first eight months) 2,224,120 “6 65 
May 1 to Aug. 31, 1955 1,169,947 75 53 


* Base: 1954 = 100. 


A few shots were fired using a decked charge of 
a single canned primer, but this means of stringing 
out a charge was discontinued, and a continuous 
column of 6-in. cans of explosive C was substituted. 


Soon after the publicity attending the develop- 
ment of Akremite, explosive D was made available. 
This cheaper and bulkier material is currently be- 
ing used in 6-in. and 744-in. diam sizes to string out 
loads. 

The former standard practice of stemming shots 
6 or 7 ft above the top of the explosive column was 
abandoned in favor of stemming to the hole collar. 
With this later practice, spouting of holes caused by 
stemming blown out of the hole is uncommon, indi- 
cating full utilization of gases released by explosion. 


Acknowledgments 

The author extends thanks to Nationa] Lead Co. 
for permission to publish information in this paper; 
to representatives of all powder suppliers, especially 
Bart Carr and Charles Pope, of E. I. du Pont de 
Nemours & Co. Inc., who helped load experimental 
shots in the bitterest of winter weather; to the 
MacIntyre staff; and to the MacIntyre mine crew, 
without whose help these experiments could not 
have been carried out. 


Reference 


1P, W. Allen: Dropball Cuts Blasting Costs at Tahawus. MINING 
ENGINEERING, April 1953, p. 379. 


Discussion sent (2 copies) to AIME by Aug. 31, 1956, will appear 
in Mininec ENGINEERING and in AIME Transactions, Vol. 205, 1956. 


Processing and Marketing Muscovite 
Block And Film Mica 


by Robert D. Thomson 


‘ISTED among strategic and critical minerals for 

stockpiling, mica is an important raw material 

in electronic and electrical equipment industries. 

Each year large quantities are consumed in the 

manufacture of television and radio tubes, radar 

sets, generators, transformers, electric toasters, and 
irons. 

Crude mica, which comes from the mine in crys- 
tals or in rough books of various shapes and sizes, 
is known as run-of-mine or book mica. Structural 
imperfections, impurities, rough edges, and defec- 
tive laminae are removed by cobbing, rifting, and 
trimming to produce a marketable block mica or 
film mica.’ After the rough books have been hand- 
cobbed to remove adhering rock, dirt, and crushed 
or defective mica they are rifted, or split. In the 
U.S. a straight-bladed knife is generally used for 
rifting. Products of this operation are classed broadly 
as untrimmed sheet mica and scrap. 

Sheet mica is any relatively flat piece sufficiently 
free from physical defects to be cut or stamped into 
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specified shapes for industrial use. Sheet mica is 
classed as block, film, and splittings. Block mica is 
not less than 0.007 in. thick with a minimum usable 
area of 1 sq in. Film mica is split from the better 
qualities of block mica to groups of specified thick- 
ness ranging from 0.0012 to 0.004 in. Splittings are 
sheets with maximum thickness of 0.0012 in. and 
minimum usable area of 34 sq in. As virtually no 
mica splittings are produced in the U.S., they will 
not be discussed in this report. 

Small, low quality block is subdivided as punch 
and washer. Punch mica is thumb-trimmed mate- 
rial large enough to yield a circular disk of at least 
1% in. diam for stained quality mica and 1% to 2 
in. for clear quality. Poorer lots, often referred to 
as washer mica, are also included in the general 
term punch mica. 

Trimming, the next step in processing sheet mica, 
removes broken and ragged edges, loose scales, and 
other major imperfections. Trimming may be done 
with a knife, sickle, shears, or fingers. In the U.S. 
it is usually done with a 3-in. linoleum knife to 
obtain a bevel-edged cut. If ragged edges are broken 
off with the thumb and fingers, the mica is called 
thumb-trimmed. Full-trimmed is rifted mica 
trimmed on all sides with all cracks, reeves, and 
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cross-grains removed. Half-trimmed is trimmed on 
two adjacent sides, with at least two thirds of the 
mica trimmed and no cracks extending into the 
usable area. 

Large quantities of high quality, large sheet mica 
are ruined by improper rifting and by overtrim- 
ming. Experienced rifters and trimmers salvage 
punch and even block from material less experienced 
workers would discard. Regardless of methods used 
or precautions taken, however, there are sizable 
quantities of bench scrap. 

Trimming produces block or film mica irregular 
in size and shape, which must be classified according 
to grade (size) and quality before marketing. No 
other mineral is so difficult to process, and none ap- 
proaches the multiplicity of qualities and grades 
into which mica is grouped. 

Grades are based on the maximum usable rec- 
tangle that can be cut or stamped from a piece. Ac- 
cording to specifications of the American Society for 
Testing Materials, block and film mica are divided 
into 12 grades, ranging from No. 6, with a minimum 
area of 1 sq in., to the OOEE Special, with a mini- 
mum area of 100 sq in.” 

Visual classification is based on the relative quan- 
tity of visible inclusions, such as air bubbles; stains 
caused by clay, iron and manganese compounds, or 
organic matter; waviness; and other structural im- 
perfections. Clear mica, which is hard, uniform in 
color, nearly flat, free from all stains, inclusions, 
and other structural defects, is the highest quality. 
Block mica is divided into 11 quality groups, rang- 
ing from the poorest, densely stained, to the best, 
clear. Qualities of film mica are first (equivalent of 
the three highest qualities of block mica), second 
(equivalent of fourth quality block), and third 
(equivalent of fifth quality block). Any muscovite 
mica classified within the limits of the five highest 
qualities of block mica or the three film qualities is 
considered strategic. 


Table |. Comparison Between Domestic Classification of Mica and 
ASTM Standards 


Domestic ASTM 


No. 1 Clear, and clear and slightly stained 
(1st and 2nd highest qualities) 
Fair stained (3rd) 
No. 2 Good stained (4th) 
No. 2 inferior Stained (5th and 6th) 
Heavy stained (7th) 
Black spotted (9th) 


No. 3 (electric or stained) 
Black stained (10th) 


Although the commercial quality system is based 
on ASTM specifications, standards vary from one 
company to another. Much foreign block and film 
mica is sold to industry according to quality groups, 
which deviate somewhat from the nomenclature of 
ASTM, permitting more defects than are allowed by 
ASTM specifications. 

Because the small domestic miner usually lacks 
the experience to appraise mica for quality in accord- 
ance with ASTM standards, it has been customary 
in the U.S. during normal times for the small miner 
to sell thumb-trimmed or half-trimmed block and 
to qualify an entire lot of mica in a rough manner. 
Domestic block mica is divided into two primary 
groups: clear and stained. Clear mica is subdivided 
as No. 1, No. 2, and No. 2 Inferior. Black-stained 
and black-spotted mica are known as No. 3, electric, 
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or stained. An approximate comparison between 
domestic quality classification and ASTM standards 
is given in Table I. 

A system of qualifying block and film mica for 
fixed mica-dielectric capacitors, based on a combina- 
tion of the electrical and physical properties, is cov- 
ered by ASTM D-748-52T.* Specifications provide 
for use of a Q-meter to determine the power factor 
and a spark-coil test to detect conducting stains. In 
the past, block and film mica have been classified 
by these methods only on special occasions. 

Sheet mica also is classified according to color. 
Mica occurs in many colors, ranging from green 
through shades of green and brown to pinkish buff 
and drab. The Federal Geological Survey has ar- 
ranged muscovite mica into seven main color cate- 
gories and three commercial groups, as shown in 
Table II.* 


Table Il. Federal Geological Survey Color Categories for Mica 


Principal Classifications Commercial Groups 


Pinkish buff and drab 
Cinnamon brown 

Brown 

Brownish olive Rum 
Yellowish olive 

Yellowish green 

Green 


The National Bureau of Standards has established 
two color groups: 1) ruby and 2) nonruby, which 
includes green or brownish mica, disregarding varia- 
tions such as air or mineral inclusions and stained 
areas. Mica for the National Stockpile is purchased 
on the Bureau of Standards color classification. 

Ruby mica is preferred because its Q factor is 
fairly constant and it splits easily. Nonruby mica 
tends to be brittle, and its Q factor varies consid- 
erably and often is undesirably high. Normally, 
nonruby is accepted for strategic uses only if it 
passes both visual and electrical tests. For ordinary 
electrical uses, color has little significance. 

Marketing: In 1954 consumption of block and 
film mica cut or stamped to dimension by domestic 
fabricators totaled 3,219,157 lb, of which 97 pct was 
block mica.* Block mica, an insulator in electrical 
equipment, is also used in manufacture of trans- 
mitting and receiving tubes, high-temperature 
steam-gage glass, diaphragms, and compasses. In 
the electronic field most of the block mica is con- 
sumed as bridges and spacers in radio and television 
tubes. This mica is largely stained quality (fifth 
and sixth qualities) and in 1954 represented 78 pct 
of the block mica fabricated for tubes, or 44 pct of 
that fabricated for all uses. Lower qualities of block 
mica, including punch mica, are used mainly as 
electrical insulators in household appliances. 

Film mica is used in capacitors that hold or store 
an electrical charge. Capacitors require high quality 
film mica; of the 97,255 lb used in 1954, 17 pct was 
first quality and 75 pct second quality. 

In peacetime civilian consumption requires large 
quantities of the lower quality block and film mica, 
and demand for the higher qualities is not excessive. 
However, in times of emergency demand for high 
quality mica suitable for essential military applica- 
tions increases tremendously. From all indications, 
block and film mica, especially of the higher quali- 
ties, will be in high demand for many years to come. 
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Buyers of sheet mica can be classed as commercial 
and Government. Commercial buyers are either 
mica fabricators or importers. The highly specialized 
fabricating industry consists of 1) firms that fabri- 
cate mica to supply the electronic and electrical in- 
dustries and 2) firms that manufacture electronic 
or electrical equipment and fabricate for their own 
consumption. Although fabricators usually purchase 
both domestic and foreign mica, in the past few 
years only those in North Carolina and Virginia 
have purchased domestic mica. Major fabricating 
plants are located principally in electrical manu- 
facturing centers outside the mica-producing regions. 
Eight fabricating companies are in New York, six in 
New Jersey, four each in Massachusetts and North 
Carolina, two in Illinois, and one each in Ohio, 
Pennsylvania, Rhode Island, and Virginia. Most of 
the mica importers are in New York City. 

In 1952 the U. S. Government authorized, through 
General Services Administration (GSA), a purchas- 
ing program for domestic muscovite sheet mica to 
terminate June 30, 1955, later extended to June 30, 
1957. Program A was established for the purchase 
of muscovite ruby and nonruby block and film mica 
and program B for ruby and nonruby hand-cobbed 
mica. Block and film mica are purchased in three 
quality groups: good stained or better, stained, and 
heavy stained, and in three grade groups, Nos. 51% 
and 6, Nos. 4 and 5, and No. 3 or larger. All good 
stained or better block and film must be full- 
trimmed, but stained and heavy stained are accepted 
as full-trimmed or half-trimmed. Hand-cobbed mica 
purchased under program B must yield at least 40.5 
lb of full-trimmed block or film mica, stained or 
better qualities, per short ton. 


Table III. Domestic Mica Purchasing Program (GSA) Prices per Lb, 
Ruby and Nonruby Block and Film Mica 


Qualities 


Full-trimmed Half-trimmed 


Good 
Stained Heav Heavy 
or Bet- Stained, Stained, Stained. Stained, 
Grades ter, $ $ $ $ $ 
Ruby 
No. 3 and larger 70.00 18.00 13.00 12.00 8.00 
No. 4 and No. 5 40.00 8.00 6.00 5.00 4.00 
No. 54% and No6 15.00 5.00 3.00 3.00 2.00 
Nonruby 
No. 3 and larger 70.00 14.40 10.40 9.60 6.40 
No. 4.and No. 5 40.00 6.40 4.80 4.00 3.20 
No. 5% and No. 6 15.00 4.00 2.40 2.40 1.60 


Purchasing depots are located at Spruce Pine, 
N. C., Franklin, N. H., and Custer, S. D. Ruby and 
nonruby mica should be delivered f.o.b. to the nearest 
depot, each lot containing one or the other; mixed 
lots are not accepted. Any person wishing to par- 
ticipate in either program should notify the GSA 
regional director having jurisdiction over the near- 
est depot or the superintendent of the depot. The 
superintendent of the respective depot will notify 
the participant of a delivery date. Each mica de- 
livery is inspected at the depot. Any mica not con- 
forming to minimum requirements is rejected and 
all costs except inspection cost are borne by the 
participant. A price schedule for domestic mica 
purchased by the Government is given in Table III. 

The Government also purchases muscovite block 
and film mica produced in foreign countries. Ruby 
and nonruby block are purchased in the full-trimmed 
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condition, good stained or better quality, grade 6 
or larger. Ruby block also is accepted in the stained 
quality under certain conditions with a proportion- 
ate quantity of ruby good stained or better qualities. 
Half-trimmed block is purchased only for ruby of 
qualities lower than good stained. Ruby and non- 
ruby film are acceptable as full-trimmed, first and 
second qualities. Foreign mica usually is bought by 
the Government for delivery to a GSA warehouse 
through Federal Supply Service, 34 Exchange Place, 
Jersey City, N. J. 

Prices: Prices offered by fabricators for domestic 
sheet mica range from a few cents to more than 
$10.00 per lb. Quoted prices are nominal, and actual 
selling prices are determined by direct negotiation 
between buyer and seller after agreement as to 
quality and grade of particular lots. Prices in the 
North Carolina district in 1955 are shown in Table 
IV. Range in price for each grade is caused by dif- 
ferences in quality, preparation, and exactness of 
grading. 


Table IV. Prices for Various Grades and Qualities of Sheet Mica 
in the North Carolina District, April 1955* 


Price per Lb, $ 
Stained Quality 


Grade (Size) Clear Quality 


Washer mica 0.06 to 0.10 0.06 to 0.10 
Punch mica 0.10 to 0.16 0.10 to 0.16 
14%2x2 in. 0.70 to 1.60 

2x2 in. 1.10 to 1.60 0.70 to 1.10 
2x3 in. 1.60 to 2.00 1.20 to 1.60 
oxo in: 1.80 to 2.30 1.40 to 1.80 
3x4 in. 2.00 to 2.60 1.60 to 2.10 
3x5 in. 2.60 to 3.00 1.80 to 2.70 
4x6 in. 2.75 to 4.00 2.00 to 3.00 
6 x8 in. 4.00 to 8.00 2.25 to 3.50 
8x10 in. 6.00 to 13.00 3.00 to 4.00 


* Personal communication with a commercial mica buyer. 


Prices paid by the Government for domestic mica 
under program A are three to five times the market 
price. Payment for each lot of ruby and nonruby 
block and film mica containing 18 pct or more good 
stained or better quality is made on the price sched- 
ule shown in Table III. Payment for any lot con- 
taining less than 18 pct good stained or better quality 
is made according to the price schedule, with ad- 
justments to account for proportions of lower quality 
mica. 

Government prices for domestic ruby or nonruby 
hand-cobbed mica under program B are $600 per 
short ton and $540 per short ton, respectively, based 
on a yield of 16.2 lb of good stained or better quali- 
ties and 24.3 lb of stained quality block or film mica 
per short ton. If actual yield exceeds the preliminary 
estimate, the participant will be paid the difference, 
and if the yield is less than preliminary estimates, 
the amount of overpayment must be repaid to the 
Government. 
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Differential Infrared Spectra of Adsorbed 


Monolayers-n-Hexanethiol on Zn Minerals 


The recently developed pellet technique to investigate infrared spectra of solids is 
a unique method of studying solid surfaces. By this procedure suspensions of solids dis- 
tributed uniformly and reproducibly in a KI or KBr matrix may be prepared, resulting 
in differential infrared spectra in which the absorption bands associated with the sur- 
face only may be obtained. Adsorption of hexanethio! on ZnS or ZnO from either the 
gaseous or the aqueous phase result in splitting out of water from the mineral surface. 


In the case of willemite, oer 
Zn Si 


concentration of surface hydroxyl groups. 


bonds appear to be broken, causing an increase in 


by Edward M. Eyring and Milton E. Wadsworth 


ETTER understanding of solid surfaces and their 

associated adsorption products is of both aca- 
demic and practical value. The study of detergents 
and their behavior in cleaning surfaces is fundamen- 
tally related to the nature of the products adsorbed 
and their ability to compete for certain surfaces. 
Similarly in flotation, the nature of the adsorbate 
before and after adsorption is basic to clear under- 
standing of the process. 

The recently developed pellet technique” * em- 
ploying infrared spectroscopy provides a powerful 
tool for the study of solid surfaces. Absorption 
bands, which are infrared-active, may be observed 
for adsorbed products. Also any changes in the sur- 
face substrate that occur as a result of adsorption 
may be detected by means of differential spectra. 

In applying the pellet technique to solids of large 
surface area, French and his coworkers’ have sur- 
veyed the adsorption of organic flocculants on clay 
minerals, oleic acid on fluorite, and ammonia on 
cracking catalysts. Recent work on application of 
differential infrared spectroscopy to the study of 
solid surfaces* has demonstrated that the difference 
between a sample and a reference can be obtained 
with double-beam instrumentation. In this way dis- 
placement of surface products, adsorption of new 
products, and differences in the substrate, if any, 
may be detected. 

Experimental Procedure: Potassium iodide pellets 
were used in this study, prepared from recrystallized 
analytical reagent grade KI. Grinding was carried 
out in a Fisher mechanical agate mortar. Two-gram 
plates containing the solid under study were pressed 
in a special evacuated die constructed in the labora- 
tory at the University of Utah.° 

Concentration depended on the solid in question. 
Zine sulfide and willemite are sufficiently transpar- 
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Fig. 1—Differential spectra of solids. 


+—— Sample Beam 
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ent in the infrared region for concentrations as high 
as 20 mg of mineral in 2g of KI to be used. Zinc 
oxide is even more transparent, permitting concen- 
trations as high as 60 mg in a 2-g plate. For non- 
differential operation, however, much lower concen- 
trations (2 to 10mg/2g KI) had to be used. 

Spectra were obtained on a Perkin-Elmer 21 
double-beam recording infrared spectrophotometer. 
A sodium chloride prism was used giving a spectral 
range of approximately 2 to 15 » wave length. For 
differential runs a resolution of 1000 was used and 
the scanning speed was controlled commensurate 
with instrument response. The response was checked 
continuously and each spectrum was repeated sev- 
eral times. For nondifferential runs a resolution of 
927 was used. 

Zinc oxide used was analytical grade oxide fume. 
The zine sulfide was precipitated from solution with 
analytical grade zinc sulfate and sodium sulfide. The 
precipitate was washed and centrifuged several 
times and dried. Before use the precipitate was 
washed in dilute HCl] and then treated with satu- 
rated NH.Cl to remove any bulk oxides and sulfates. 
X-ray patterns of the precipitate were comparable 
to that of the natural mineral sphalerite. The pre- 
cipitate was much more satisfactory than finely 
ground natural ZnS because of its very large surface 
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Fig. 2—Infrared spectrum of liquid n-hexanethiol. 


area. The willemite (Zn.SiO,) used was the natural 
mineral from Franklin, N. J., carefully selected by 
hand under an ultraviolet lamp. Grinding was car- 
ried out for approximately 24 hr in a mechanical 
agate mortar, producing sufficient surface area to 
provide adequate differential spectra. Hexanethiol 
of analytical grade was supplied by the Eastman 
Kodak Co. 

The advantage of double-beam instrumentation is 
that only the differences between the sample and the 
reference are recorded. Atmospheric CO, and H.O 
are also cancelled out. In this procedure the sample 
beam passed through a pellet containing suspended 
mineral with hexanethiol adsorbed on the surface. 
The reference beam pellet contained the same min- 
eral in the same concentration as the sample pellet, 
but no hexanethiol was adsorbed on the surface. In 
this way the spectrum of the mineral was cancelled 
out, leaving only the infrared spectrum of the sur- 
face. Fig. 1 is a diagrammatic sketch of the differen- 
tial system. 

Adsorption from the gas phase was carried out at 
room temperature in an evacuated dessicator by ex- 
posure for about 12 hr. The liquid hexanethiol was 
placed in a watch glass within the dessicator. Also 
present were the 2-g sample of mineral mixed with 
KI and a 2-g sample of pure KI. After exposure the 
dessicator was evacuated for several hours to re- 
move physically adsorbed hexanethiol. This could be 
determined by examination of the KI by itself after 
pelletizing. This same procedure was followed for 
identical samples of KI plus mineral, and pure KI 
alone in the absence of hexanethiol. Each of the four 
samples, including the two plain KI samples, was 
pelletized under identical conditions. The sample 
beam pellets consisted of the KI plus mineral ex- 
posed to hexanethiol and the 2-g pellet of pure KI 
from the dessicator unexposed to hexanethiol. Refer- 
ence beam pellets consisted of the mineral plus KI 
unexposed and the pure KI exposed to hexanethiol. 
In this way any mercaptan adsorbed on the KI by it- 
self was cancelled out. The amount adsorbed on the 
KI was always very small but usually slightly 
detectable. Almost perfect compensation may be ob- 
tained by this procedure, since the sample and ref- 
ence pellets were prepared from a common mixture 
of the mineral plus KI. 

Adsorption from solution was carried out in stop- 
pered erlenmeyer flasks (at neutral pH) containing 
the ground mineral plus an aqueous solution con- 
taining 80 mg per liter of hexanethiol. Contact times 
of less than 1 hr provided very adequate spectra. 
The mineral was washed with distilled water and 
filtered six times, after which it was dried under 
vacuum. Good differential compensation was some- 
what more difficult to achieve, since the mineral had 
to be weighed separately for each pellet and could 
not be split from a common mixture. The mineral 
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Fig. 3—Infrared spectrum of n-hexanethiol adsorbed on ZnO 
from aqueous solution. 


unexposed to hexanethiol was carried through the 
exact procedure of washing, filtering, and drying. 

Discussion: This study was initiated as a result of 
the very informative work previously carried out on 
the same systems by Gaudin and Harris,’ who used 
hexanethiol containing S*. In this way the amount 
of hexanethiol adsorbed on zincite (ZnO), sphalerite 
(ZnS), and willemite (Zn.SiO,) could be directly 
determined by radioactive tracer techniques. Addi- 
tional properties make these systems attractive to 
infrared studies: 1) the minerals are very transpar- 
ent in the 2 to 15u (NaCl) region of the spectrum, 
2) they may be obtained or prepared with large sur- 
face areas, and 3) the hexanethiol has informative 
adsorption bands in the NaCl region. Fig. 2 is the 
infrared spectrum of the liquid hexanethiol. The 
deep double peak at 3.4 to 3.54 is caused by C—H 
stretching frequencies associated with the methyl 
(CH;) and the methylene (CH.) groups. Of particu- 
lar interest is the band at 3.95 w. This band has been 
shown by several investigators’ to be due to the 
—S-—H stretching frequency of the mercaptan group. 
Although this band is very weak it may be readily 
detected for a spectra whose C—H stretching band is 
greater than 30 pct of total absorption. For the band 
to be detected on surfaces, therefore, the surface 
area must contain sufficient hexanethiol to exceed 
this 30 pct limit, a condition readily achieved with 
these mineral systems. In all cases used to establish 
the presence or absence of the S—H (3.95n) stretch- 
ing band, the C—H stretching band exceeded 60 pct 
of total absorption. The spectrum of liquid hexane- 
thiol was obtained using a 0.012 mm liquid cell. The 
majority of other bands associated with the hexane- 
thiol will not be discussed here since they were not 
directly affected by adsorption. The only exception 
that might be cited is the band at 13.74 which is 
caused by the (CH.), skeletal frequency. In the ad- 
sorbed state this band appears a little stronger and 
sharper. Such a difference might be expected be- 
tween the same bands of a liquid and a solid, but in 
this instance the sharpening may be due to the close 
oriented packing of the mercaptan in the adsorbed 
state. 

Results and Conclusions 


Results of adsorption from the liquid and vapor 
phases respectively on ZnO are shown in Figs. 3 
and 4. The dotted spectrum of Fig. 3 represents the 
spectrum of ZnO by itself. This is cancelled out by 
the differential method. Similar spectra were ob- 
tained for ZnS. Fig. 5 is the spectrum for hexanethiol 
adsorbed from liquid on ZnS. As is evident from the 
solid curve (differential spectrum), results were 
identical to those obtained for ZnO. Vapor phase ad- 
sorption on ZnS was also identical to that obtained 
for ZnO. These spectra were reproduced independ- 
ently several times. The important features of these 
spectra are associated with the —OH stretching 
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Fig. 4—Infrared spectrum of n-hexanethiol adsorbed on ZnO 
from vapor phase. 


(2.94) and bending (6.2u) bands associated with 
surface hydroxyl groups on the mineral surfaces, the 
C—H stretching bands (3.40 to 3.54), and the -S—H 
stretching band at 3.95. Clearly in all these spectra 
the surface —S—H stretching (3.95) bands are miss- 
ing. As indicated by the depth of the C—H stretching 
bands, concentration is sufficient to show the S—H 
band if it is present. Also common to all these spec- 
tra are the inverse peaks at 2.9u (OH stretching) 
and 6.54 (OH bending). The presence of bands going 
in the reverse direction (inverse) represents the 
bands of the reference pellet in excess of similar 
bands in the sample. These inverse bands clearly 
show that the surface has fewer surface —OH groups 
(therefore more in the reference beam) after ad- 
sorption of hexanethiol than before. Identical results 
were obtained for adsorption from either vapor or 
liquid phases. 

Presence of surface —OH groups is readily de- 
tected by infrared spectroscopy. This is evident from 
either the spectra of the minerals by themselves or 
from the overcompensation of OH bands in the dif- 
ferential spectra. Their presence is probably associ- 
ated with the satisfying of unsaturated valence 
forces when a surface is freshly fractured. This may 
be represented for zinc oxide by Eq. 1: 


SA | 

Zn =7Zn-OH 

HOH [1] 
=7n- OH 

| 


These —OH groups are undoubtedly present on the 
surfaces of most inorganic solids exposed to water 
either in the liquid or vapor phases. The surfaces 
encountered in either detergency or flotation prob- 
lems appear to have in common, therefore, the pres- 
ence of surface OH groups. 

Vapor Phase Adsorption of Hexanethiol on ZnS 
and ZnO: Spectra obtained for ZnO and ZnS for 
vapor phase adsorption may be explained by the 
reaction between the undissociated hexanethiol in 
the gas phase and the surface according to Eq. 2: 


| 
~Zn0H ~ZnSR +H20 [2] 


During adsorption, water is formed, resulting in 
formation of the zinc salts as indicated in Eq. 2. This 
may be likened to the esterification that occurs dur- 
ing the reaction of organic alcohols and acids. The 
driving force appears to be predominantly the forma- 
tion of water. Eq. 2 explains the spectra obtained. 
Formation of water results in removal of —OH 
groups from the surface of the mineral and at the 
same time the S—H group is broken, resulting in the 
surface zinc mercaptan bond. Removal of surface 
—OH causes over-compensation (inverse bands) at 
2.9. (—OH stretching) and 6.24 (—OH bending) 
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Fig. 5—Infrared spectrum of n-hexanethiol adsorbed on ZnS 
from aqueous solution. 


wave lengths. The —SH stretching bands disappear 
in the adsorbed state, also clearly evident in the 
spectra. Competition for surface sites therefore ap- 
pears to exist between the hexanethiol and water. 

Aqueous Phase Adsorption of ZnO and ZnS: Al- 
though identical spectra are obtained for both vapor 
phase and aqueous phase adsorption, alternate mech- 
anisms may be proposed to explain the observed 
spectra. According to Wark*® and Gaudin’ the adsorp- 
tion of collectors involves competition between the 
collector anion (in the case of anionic collectors) 
and the hydroxyl ion. This process is represented in 
Eq. 3 for ZnO and ZnS, 


| | 
=-Zn-SR+OH" , {3] 


where RS represents concentration of the dissoci- 
ated anion of hexanethiol. Such a reaction results in 
the removal of —OH groups from the surface. Also 
no —SH stretching band should appear. Both condi- 
tions are satisfied in the spectra obtained. 

An alternate mechanism, also in agreement with 
the observed spectra, involves adsorption of undis- 
sociated hexanethiol from solution or ion pair ad- 
sorption as shown in Eq. 4. Large concentrations of 
the undissociate RSH are present in solution, since 
its dissociation constant is 1.9 x 10.° Such a mech- 
anism for the adsorption of collectors and depres- 
sants has been proposed by Cook et al.” There is, 
however, no direct criterion for choosing either of 
the above proposed mechanisms, since all three are 
consistent with the observed spectra. 


| | 
OR 
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Adsorption of Hexanethiol on Willemite (Zn.SiO,) 
from Aqueous Solution: Adsorption of hexanethiol 
on willemite from solution provides some very in- 
teresting results. Fig. 6 is the differential spectrum 
of the surface of willemite containing the adsorbate. 
The striking difference between this spectrum and 
those obtained for ZnO and ZnS is the fact that the 
—OH bands at 2.9 and 6.24 are not inverted. The 
spectrum, which was reproduced many times, in- 
variably indicates an increase in concentration of 
surface —OH groups. The —SH band at 3.95 is miss- 
ing, similar to the results obtained for ZnS and ZnO. 
Also very definite over-compensation bands appear 
at 9.4 and 12.24. The dotted spectrum of Fig. 6 is 
that of willemite alone. The wide band between 8.5 
and 12.54 is caused by a series of Si—O vibrational 
bands. The inverted bands at 9.4 and 12.2» indicate 
that the surface of the solid itself is disturbed by the 
adsorbate, thus affecting some of the Si—O vibra- 
tional bands. The character of this spectrum sug- 
gests that the adsorbate breaks surface bonds upon 
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Fig. 6—Infrared spectrum of n-hexanethiol adsorbed on 
willemite from aqueous solution. 


adsorption and in so doing creates surface OH groups 
with an associated variation in the SiO vibrational 
bands. In the University of Utah laboratory such 
structural shifts as would occur by disturbing the 
Si—O vibrational frequencies have been detected for 
the adsorption of ammonia on several cracking cata- 
lysts and silica gel.* 

Willemite is an orthosilicate in which both zinc 
and silicon are four-coordinated with the oxygen 
atoms in the lattice. Zine and silicon tetrahedra 
share one corner only in the ortho-silicate structure. 
The observed spectrum may be explained in terms 
of an adsorption process, Eq. 5, that breaks the bonds 
linking these two tetrahedra together: 


~Zn-SR 

{5] 
Si SS 


| 
The shift from the linkage to the Si—-OH 
bonds explains the inverse peaks observed at 9.4 and 
12.2 «. Breaking of the oxygen bridge results in for- 
mation of the Si—OH band, causing the observed in- 
crease in surface hydroxyl groups. The adsorption 
process also destroys the S—H band through forma- 
tion of the Si—OH groups, explaining the absence of 
the S—H stretching band (3.95u) for adsorbed hex- 
anethiol. 

These results can be explained only by neutral 
molecule or perhaps ion-pair adsorption. Clearly a 
competitive reaction between the collector anion and 
hydroxyl ions such as is indicated in Eq. 3 cannot 
explain the spectrum obtained for solution phase 
adsorption of hexanethiol on willemite. 

Adsorption of Deuterated Hexanethiol on Wille- 
mite from the Vapor Phase: A portion of hexanethiol 
was placed in contact with D.O in a separatory flask 
for 48 hr. Virtually complete exchange between the 
hydrogen of the mercaptan and deuterium was 
achieved within this time. Fig. 7 is the spectrum of 
the deuterated mercaptan. The dotted spectrum was 


——Deuterated Hexonethiol 


V -——~—Same — higher concentration 


1 1 1 n 1 1 
3 4 5 6 if 8 =) 10 i 12 13 14 
WAVE LENGTH (microns) 


Fig. 7—Infrared spectrum of deuterated liquid n-hexanethiol. 
Solid curve 0.012 mm cell path length, dotted curve 0.05 
mm path length. 
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Fig. 8—Infrared spectrum of deuterated n-hexanethiol ad- 
sorbed on willemite from vapor phase. 


that obtained using a cell path length of 0.05 mm 
compared to the spectrum with a 0.012 mm path 
length (solid line). As expected, the S—H stretch- 
ing band is shifted approximately by \/2 to 5.3n. 
The S—H band at 3.95 is missing, indicating almost 
complete exchange. The deuterated mercaptan 
should, according to Eq. 5, produce surface —OD 
bands. This band should grow up at approximately 


4u, since it also should be shifted by \/2. The spec- 
trum obtained for vapor phase adsorption of the 
deuterated hexanethiol on willemite is shown in Fig. 
8. A definite peak, obtained at approximately 3.9 to 
4.1, is broad and characteristic of that obtained for 
surface water bands. Again the structural Si—O 
shifts may be detected at 9.4 and 12.24. These re- 
sults are identical to those expected according to Eq. 
5, further substantiated by the formation of surface 
—OD bands. 
Summary 

Vapor phase and aqueous phase adsorption of n— 
hexanethiol on ZnO and ZnS as indicated by infra- 
red spectroscopy involves a process resulting in a 
decrease in surface hydroxyl concentration. Invari- 
ably the mercaptan S—H bond is destroyed in the 
adsorption process. The vapor phase reaction un- 
doubtedly involves neutral molecule adsorption. The 
adsorbed mercaptan reacts with the surface —OH 
group forming the zinc mercaptan salt, splitting out 
a molecule of water in the process. Identical results 
were obtained for aqueous phase adsorption of hex- 
anethiol on ZnO and ZnS. The spectrum obtained 
and the very small dissociation constant of the mer- 
captan (1.9x 10“) suggest neutral molecule adsorp- 
tion. Similar results, however, would be expected for 
ion-pair adsorption or hydroxyl-mercaptan anion 
competitive adsorption. It appears from the results 
of this study that adsorption of collectors on mineral 
surfaces containing hydroxyl groups takes place by 
a process similar to esterification, in which the driv- 
ing force is largely contained in formation of water. 

Adsorption of hexanethiol on willemite (Zn.SiO,) 


breaks surface oxygen bridges forming - OH and -Zn-SR 
surface groups. Confirmed by use of deuterated hex- 
anethiol resulting in the formation of -S\ -OD 


groups at the surface, these results ean be explained 
only by neutral molecule adsorption from the vapor 
phase. In the aqueous phase neutral molecule or ion- 
pair adsorption is consistent with the observed spec- 
tra. Hydroxyl ion competition is clearly incompati- 
ble with the infrared spectra obtained. It appears 
that surface reactions must involve processes main- 
taining strict electrical neutrality. This has long been 
recognized as a fundamental requirement for bulk 
reactions. 
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Application of infrared spectroscopy provides a 
powerful additional tool for the study of solids of 
large surface area. New techniques render this tool 
readily applicable to mineral systems such as are 
encountered commercially. Advantages gained are 
associated with the fact that the adsorbate may be 
examined in situ. In so doing it is possible to detect 
characteristic vibrational bands, gaining valuable 
information regarding the type of bonding present 
following adsorption. Differential spectroscopy, made 
possible by the pellet technique, provides a sensitive 
means for observing changes in both the adsorbate 
and the adsorbent which take place upon adsorption. 
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Human Response to Industrial Blasting Vibrations 


by Jules E. Jenkins 


N the past quarter century the seismograph has 
played an increasingly important role in eval- 
uating vibratory effects transmitted to adjacent com- 
munities by industrial blasting operations. In this 
period research has advanced through two major 
phases—from falling pin seismometers to three- 
component recording seismographs. The initial phase 
of this research is now regarded as the era of re- 
cording, during which the seismograph merely re- 
corded occasional events. It has emerged from this 
stage into the era of control and analysis and in this 
later period has been recognized as a full-fledged 
industrial tool. 

Although the falling pin machines of earlier years 
indicated probable amplitudes of industrial blasting 
vibrations, they gave no reliable measure of such 
displacements, nor did they provide essential infor- 
mation concerning direction or frequency of motion. 

The first contribution of the three-component re- 
cording seismograph was the weight-for-distance 
formula developed by the U. S. Bureau of Mines. 
This empirical formula enabled users of commercial 
explosives to determine beforehand the probable 
vibratory effects of a blast when the weight of the 
explosives charge and the distance from the shot 
point were known. This formula has withstood the 
test of time and is still applicable for blasts de- 
tonated by instantaneous methods. 

The second major contribution of the three-com- 
ponent recording seismograph followed the intro- 
‘duction in 1945 of short period or millisecond delay 
detonation. This might be described as a two-stage 
contribution, the first of which revealed a 50 pct 
reduction in the vibration magnitude when milli- 
second detonation was used rather than instanta- 
neous discharge. This second part of this double 
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Fig. 1—Vibration dip phenomena. Vibrational effects con- 
form to expectancy up to 1250 Ib. 


contribution led to the discovery of the vibration dip 
phenomena, see Fig. 1. 

In Fig. 1 the horizontal coordinates indicate the 
displacements amplitude in inches, and the vertical 
coordinates, the explosive weight in pounds. The top 
curve is that of the U. S. Bureau of Mines for in- 
stantaneous detonation. Its curvature conforms to 
the two-thirds power of the explosive weight as 
provided in the weight-for-distance formula; hence 
the vibratory effects increase in proportion to an 
increase in the explosive charge. If the other curves 
shown below are temporarily disregarded, it may be 
considered that the entire area below this top curve 
represents both useful and waste energy. 

As mentioned previously, when millisecond delay 
detonation was first investigated it was found that 
in general the U. S. Bureau of Mines curve could be 
decreased by about 50 pct, or to the position of the 
middle curve. At the outset it was assumed that this 
curve would likewise increase in some proportion to 
the explosive charge, as did the top curve, that is, 
the curve would indicate a continuous upswing. As 
seismographic data accumulated this assumption was 
found to be erroneous in part. It was discovered that 
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Fig. 2—Human response to vibration for vertical direction 
and standing position. Reading from lower left, curves repre- 
sent perceptible, objectionable, and uncomfortable reactions 
of group of 15 persons. Top arrow at right indicates rate of 
change of acceleration; middle arrow, acceleration; and bot- 
tom arrow, velocity. (Based on Reiher and Meister.) 
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Fig. 3—Response for horizontal direction and standing posi- 
tion. From lower left, curves represent perceptible, objection- 
able, and uncomfortable. (Based on Reiher and Meister.) 
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for the smaller explosive loadings, vibrational effects 
conformed to expectancy only up to a point. In Fig. 
1 this point is indicated at 1250 lb. Thereafter the 
vibrational effects assumed a downward trend that 
continued to the bottom of the dip, which is shown 
at 2500 lb. After reaching this low point, the curve 
rose again until it leveled somewhere near expect- 
ancy for the higher loadings. There is good reason 
to believe that this curve continues to the right and 
beyond the limits of the graph in a series of smaller 
dips. As of now loadings are up to 70,000 lb, but 
blasts of this size are few and far between. Conse- 
quently data is scant for loadings over 25,000 lb. 

For the purpose of illustration, the dip is shown in 
Fig. 1 as extending over a 100 pct increase in the 
explosive loadings. In actual practice, the increase 
in the explosives loading varies from 20 to 80 pct, 
depending on individual blasting procedures and 
local terrain conditions. 

When explanation is sought for this dip phe- 
nomena, the laws governing distribution of energy 
seem to apply best. Blasting vibrations transmitting 
beyond the shot point are classified as residual 
energy, which consists of two parts, irreducible 
minimum and waste. If the low point of the dis- 
placement dip is accepted as the point below which 
it is not possible to reduce, and if a final curve is 
drawn through this low point to the family of curves, 
the values falling on this curve represent the ir- 
reducible minimum—in other words, the amount of 
energy that must be driven into the earth to effect 
a new line of cleavage. It is with this waste energy 
that human response to industrial blasting vibra- 
tions begins. 

In the course of these seismographic studies, in- 
vestigators have been constantly alert to the wide 
discrepancies between reported vibration intensities 
based on human evaluations and actual intensity as 
determined by instrumental measurement. Although 
it was early recognized that these human factors 
extended into the fields of physiology and psychology, 
investigators refrained from straying into these 
fields, believing them outside their professional 
scope. Nevertheless, the point has been reached 
where someone must lead the way. 

Investigations of human reaction to vibration are 
largely confined to steady state motion, for example, 
the riding qualities of vehicles and vibrations in 
ship structures and aircraft. At first reading, pub- 
lished reports are confusing and contradictory, but 
on further study each report is found to have merit 
within the limits investigated. 

Unfortunately, aside from the fact that they pro- 
vide valuable knowledge concerning human reaction 
to constant agitation, these reports say nothing of 
the transient or impact forces that occur as the re- 
sult of an embedded dynamite blast. However, they 
do disclose interesting trends, which undoubtedly 
will be defined further in impact investigations. 

The work of Reiher and Meister at the Institute 
of Technology in Stuttgart, Germany, in 1931 and 
1935 provides important clues in this direction. These 
researchers subjected a group of 15 persons 25 to 
40 years old, of various occupations, to the continu- 
ous oscillations of a vibrating platform, through 
amplitudes from four ten-thousandths of an inch 
to 4 in., at frequencies from 1 to 70 per sec. They 
exposed each subject to various vibrational modes 
for 8-min intervals, during which the subject stood 
or reclined. When the subject reclined, motion was 
applied both parallel and transverse to the axis of 
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and reclining position. From lower left, perceptible, objec- 
tionable, and uncomfortable. (Based on Reiher and Meister.) 


the body. After each test the sensations experienced 
by the subject were rated as 1) not noticeable, 2) 
barely noticeable, 3) well noticeable, 4) strongly 
noticeable, 5) objectionable, and 6) uncomfortable. 
Thus between categories 1 and 3 the threshold of 
irritation was established, and between categories 
4 and 6 the threshold of discomfort. 

As was expected, the degree of sensation varied 
widely between subjects. Furthermore, the same 
sensation was not always experienced by the same 
subject reacting to the same vibrations. Even so, 
the test results were carefully plotted and a wealth 
of valuable data obtained. These data are condensed 
in Figs. 1 through 6, which reproduce only three of 
the six curves by Reiher and Meister, namely, the 
second, fourth, and sixth, indicated as perceptible, 
objectionable, and uncomfortable. Horizontal lines 
in Fig. 2 and in the illustrations to follow indicate 
vibration amplitudes in mils, or thousandths of an 
inch, and vertical lines the frequency in cycles per 
sec. The bottom curve represents perceptible, the 
middle curve objectionable, the top curve uncom- 
fortable. The arrows on the right represent three 
vibrational characteristics. The top arrow indicates 
the rate of change of acceleration, sometimes re- 
ferred to as jerk, the middle arrow indicates accel- 
eration, and the bottom arrow, velocity. When the 
slope of the curve corresponds to the direction of 
one of these arrows, it indicates that the human 
sensations» within this segment of the curve are 
stimulated and reacting to the vibration character- 
istic shown by the arrow. This reveals that in the 
lower frequencies, below 5 cycles, the reaction tends 
to conform to the rate of change in acceleration; in 
the middle frequencies, 5 to 10 cycles, to accelera- 
tion; and in the higher frequencies, above 10 cycles, 
to velocity. 
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FREQUENCY , CYCLES PER SECOND 


Fig. 5—Human response to vibration for longitudinal direc- 
tion and reclining position. From lower left, perceptible, 
objectionable, and uncomfortable. (Reiher and Meister.) 


In this case, at 10 cycles (bottom-center reading 
up) the effect of vertical movement applied to a 
person standing must be increased nine times over 
perceptible before becoming objectionable, and 32 
times before becoming uncomfortable. The differ- 
ence between objectionable and uncomfortable rep- 
resents an increase of three and a half times. 

When the person remains standing while being 
subjected to horizontal movement, Fig. 3, the motion 
must be increased 13 times over perceptible to be- 
come objectionable, and 39 times before becoming 
uncomfortable. The difference between the objec- 
tionable-uncomfortable limits is three times, or ap- 
proximately the same differential as that for vertical 
movement. In general, when someone is standing, 
twice as much horizontal as vertical movement is 
required to invade objectionable-uncomfortable 
limits. 

When the subject reclines and is moved in the 
vertical direction, Fig. 4, an increase of 13 times 
over perceptible is required to become objectionable, 
and an increase of 51 times to become wncomfort- 
able. When this reclining position is compared with 
the standing position, it is found that three times 
as much vertical movement is required to invade 
the objectionable-uncomfortable limits. In other 
words, the body is more sensitive to vertical vibra- 
tion when in an upright position. When the subject 
is still reclining and being moved horizontally, 
parallel to the axis of the body, Fig. 5, the reaction 
is similar to that for horizontal-standing. 

When the subject reclines and motion is appled 
transverse to the axis of the body, human reaction 
is more pronounced than for any of the various com- 
binations with the exception of vertical-standing. 

In summary, the human body under steady state 
agitation is most sensitive to vertical motion when 
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FREQUENCY, CYCLES PER SECOND 


Fig. 6—Human response to vibration for transverse direction 
and reclining position. From lower left, perceptible, objec- 
tionable, and uncomfortable. (Based on Reiher and Meister.) 


the person is standing and least sensitive when he 
is reclining, as shown in the left diagram of Fig. 7. 
When the movement is confined to the horizontal, 
the reclining person is most sensitive to motion ap- 
plied transverse to the body axis, as shown in the 
lower diagram. Sensations of this kind are experi- 
enced in sleeping cars of trains. 

Finally, although this discussion is confined to 
amplitudes having a frequency of 10 cycles per see, 
the importance of frequency on these human reac- 
tions must not be overlooked. For example, in Fig. 
6, if the frequency were increased six times to 60 
cycles, the objectionable sensations would be experi- 
enced at 0.19 mils, or about two ten-thousandths of 
an inch. This motion is but one sixth of that con- 
sidered objectionable at 10 cycles. Furthermore, ob- 
jectionable motion at 60 cycles would not be per- 
ceptible at 10 cycles. Now, if frequency is decreased 
to 5 cycles, the objectionable sensation would not be 
experienced until an amplitude of 5 mils was 
reached, or four times the movement considered 
objectionable at 10 cycles. 

If these curves are extended to the upper edge 
and beyond the limits of the graph, into the range 
of earthquake frequencies, amplitudes of the order 
of inches would be required to produce the same 
degree of human sensation experienced by ampli- 
tudes of less than one thousandth of an inch in the 
blast frequency range. This offers some explanation 
of the claim frequently advanced that the results of 
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Fig. 7—Objectionable level. Human response at 10 cycles 
per sec. 


some industrial blasts are worse than an earth- 
quake. 

One important phase of human reactions, not cov- 
ered by the investigations of Reiher and Meister, 
has to do with what is called the startle reaction. 
This reaction, induced by the ear, is known to bring 
about momentary increases in heart rate and res- 
piration. The source need not be loud or intense, 
but only unexpected. It has been well established 
that these sudden disturbances exert profound in- 
fluence on a person’s decision that he detests a cer- 
tain sound, and incidentally, those responsible for 
making it. 

Not only the ear is involved. Skin areas, muscles, 
tendons, joints, and internal organs are excited as 
well. The individual or collective effects on these 
parts of the body frequently cause people to con- 
clude that the earth or building supporting them is 
shaking violently, when, as a matter of fact, they 
are actually being moved through microscopic di- 
mensions. 

It must be remembered that the average person 
can feel vibrations that are one hundredth to one 
thousandth parts of the magnitude necessary to 
damage structures. Until these facts are firmly im- 
planted in the public mind, those whose business 
requires them to discharge blasts will undoubtedly 
be confronted, from time to time, with claims for 
structural damage, which are in fact based on mis- 
conceptions arising from human reactions. 

Although these facts point to the road ahead, they 
do not in themselves hold any immediate applica- 
tion to industrial blasting procedures. They do, how- 
ever, clearly disclose the urgent need for further 
investigations into the complexities of human re- 
sponse to impact. There is every reason to believe 
that the body can withstand a far greater degree of 
shock under impact than it can under prolonged 
agitation. 

The Vibration Measurement Engineers organiza- 
tion has made an exhaustive review of its files and 
endeavored to correlate some of the measured seis- 
mographic data with statements made by people the 
company regards as chronic complainers. On the 
basis of this approach, there is reason to believe that 
industrial blasting vibrations might be increased as 
much as five to ten times that of steady state motion 
before the objectionable-uncomfortable zones are 
invaded. 

Reference 
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In the January 1956 issue: TP 4137B. Adsorption of Ethyl Xanthate on Pyrite. By A. M. Gaudin, P. L. de Bruyn, 
and Olav Meligren. P. 65. Since P. L. de Bruyn is now a member of the AIME, the word “associate” should be re- 
moved in describing his status. The address of the third author, Olav Mellgren, should read: 74-2 Chingola, N. 
Rhodesia. P. 68, second paragraph, last line: the word “300-fold” should be replaced by “3000-fold.” 

Also in the January 1956 issue: TP 4158B. Energy Transfer by Impact. By R. J. Charles and P. L. de Bruyn. The 
authors wish to express their disapproval of the omission of the abstract from the article, since they believe that 
an abstract fulfills a very important function in every paper. 
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Precipitation of Metal from Salt Solution 
By Reduction with Hydrogen 


Early work on chemical precipitation of metals from metal salt solutions is reviewed. 
The chemistry and thermodynamics of precipitating copper, nickel, cobalt, and cadmium 
metals by reaction with hydrogen are discussed. Mechanisms of metal precipitation, nu- 
cleation, growth, and agglomeration are reviewed, as well as some solubility phenomena of 
gases and solids at elevated temperatures. Experimental data presented deal mainly with 
the reaction of copper sulfate solution with Ho. 


by F. A. Schaufelberger 


ETAL can be recovered from a leach solution 

either indirectly by precipitation as a com- 
pound that is later reduced or directly by electrolysis, 
cementation, or chemical reduction, for example, 
with hydrogen. The widely used electrowinning 
processes suffer from the inefficiency of converting 
fuel to low voltage de and from low current effi- 
ciency when complete recovery is attempted. With 
the batch hydrogen reduction methods outlined 
here, a unit of fuel converted to hydrogen in modern 
gas reform plants will make two to three times as 
much metal as can be obtained with electrolysis. 
With continuous hydrogen reduction, four to six 
times as much metal is obtained. 

Precipitation by reducing a metal salt solution 
with H, has been known for almost 100 years.’ Com- 
mercial use of the process, however, awaited the 
research and development program initiated by 
Chemical Construction Corp. Within the last few 
years this program has brought about construction 
of commercial plants, listed on page 545. 

Ideal hydrogen reduction will precipitate a pure 
metal from a solution obtained by commercial leach- 
ing methods at a rapid rate without excessive tem- 
peratures and pressures. The metal precipitate will 
be of desired size and density, less than a percent 
left in the vessel being deposited on the wetted 
parts. 

The present discussion will outline Chemical Con- 
struction Corp.’s early development program and will 
discuss the chemistry and mechanics of reducing 
copper, nickel, cobalt, and cadmium from solution 
by H.. Work on selective reduction of nickel from 
cobalt has been described earlier.’ 

The article is not concerned with precipitation of 
copper by disproportionation of cuprous solutions 
where yield is limited* to 50 pct.* It does not discuss 

* Copper precipitation by disproportion, 2 Cut = Cu® + Cutt, is 
due to instability of the cuprous ion. Cuprous ion can be stabilized 
by formation of complexes, e.g., with CO or ammonia. Removal of 
CO from a Cu2(CO)2SO;% solution by boiling or by application of 
vacuum, or the neutralization of a cuprous ammine solution with 
acid, will cause copper precipitation. 
use of gaseous reducing agents other than hydrogen, 
such as SO.,‘ which may lead to contamination with 


F. A. SCHAUFELBERGER, formerly with Chemical Construction 
Corp., is now with Ciba Ltd., Basel, Switzerland (Ciba States Ltd., 
New York City). 
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sulfur, or CO,’ which is considerably more expen- 
sive than hydrogen and produces a gaseous reaction 
product, COs.+ The article does not include use of 

+ Formation of toxic nickel tetracarbonyl by reaction of CO on 


ammoniagal nickel solutions (180°C, 300 psi CO) is discussed in 
er G6: 


other nongaseous reducing agents,’ which are far 
more expensive than CO. Also, notes on the history, 
engineering design, and performance of commercial 
plants have been given elsewhere.*® 

It will be shown that a pure metal can be pre- 
cipitated by reduction with hydrogen from solutions 
obtained by commercial leaching methods when the 
solution composition is controlled and proper acidity, 
proper metal ion concentration through controlled 
complex formation and hydrolysis, and adequate 
agitation for suspension of metal and for transfer 
of reducing gas are maintained. Reasonable tem- 
peratures and pressures_are used which are less 
excessive than those used by previous workers, 
although they are maintained at above equilibrium 
values because of process kinetics.” 

It has also been found necessary to induce nuclea- 
tion and to control growth and agglomeration in 
order to get a powder product of suitable physical 
properties. 
Review of the Literature 

Muller, Schlecht, and Schubardt of I. G. Farben” 
claimed a successive reduction of silver, copper, 
nickel, cobalt, and zinc from ammoniacal solution 
by applying progressively higher temperatures and 
hydrogen pressures. Metals produced by this tech- 
nique were not pure, since no attempt was made to 
adjust the solution composition between the dif- 
ferent reductions. It is doubtful that the zinc product 
contained any metallic zinc. 

The major contribution to the literature” was 
made by the Ipatiews,” who prepared platinum, 
iridium, copper, nickel, cobalt, lead, tin, arsenic, 
antimony, and bismuth at often extreme conditions, 
up to the critical temperature of water (373°C), at 
1500 to 7500 psi, for as long as several days. Even 
cadmium and zinc were claimed to have been ob- 
served in trace quantities precipitated together with 
basic salts. In the early experiments solutions were 
not stirred. Extensive formation of oxides and basic 
salts occurred, probably long before sufficient hy- 
drogen could be supplied in the unstirred liquid to 
decrease the metal concentration in solution by re- 
duction. The importance of hydrogen pressure was 
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Fig. 1—Potential of 1 and 10° molar metal solutions, and 
hydrogen potential at varying pH (25°C). 


over-emphasized. The pioneer work of the Ipatiews 
has been continued in Russia” with the most recent 
report by Tronev, Bondin, and Khrenova™ on reduc- 
tion of copper, nickel, cobaltous and cobaltic am- 
moniacal chloride and sulfate solutions with hy- 
drogen. Most of this work, however, was carried 
out in unbuffered solutions. 


Reduction Equilibrium 
A. Calculation of Equilibrium: Reduction of di- 
valent metal ions such as copper, nickel, cobalt, lead, 
and cadmium by hydrogen may be written as 


M* + H: = -+ 2H“ [1] 


with an equilibrium constant K (neglecting activity 
coefficients) 
+72 
| [2] 
[M**]Pz, 
where brackets denote molar concentrations and P 
the pressure in atmospheres. 

The degree to which this reaction occurs is given 
by the familiar thermodynamic equation for the 
free energy change A F (cal.) or more conveniently, 
the potential E (volt): 


A F = — 23,060 n E = —RT In K. [3] 


Reductions of copper, nickel, and cobalt solutions 
with H, attain commercially attractive rates only at 
temperatures higher than 70°C. Extrapolation of 
thermodynamic data is certain to be speculative, 
but actual data at elevated temperatures are not 
available. It is therefore convenient first to calculate 
E for room temperature conditions, then to attempt 
to approximate E for elevated temperatures, and 
finally to discuss briefly the effect of variation in 
experimental conditions. 

Fig. 1 plots the variation in E at 25°C for 1 and 
0.001 M concentrations of the metal ions of interest, 
and also the hydrogen potential at various pH values 
and at 1 and 100 atm H, partial pressure (fugacity 
at 100 atm and 25°C = 106.1 atm”). Of course, the 
metal potential is affected by pH only indirectly, 
since the metal concentration is a function of pH 
due to complex or hydroxide formation. For reduc- 
tion to proceed, the hydrogen potential must exceed 
the metal potential. It appears possible to reduce 
metals up to cadmium, perhaps including iron but 
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Fig. 2—Solubility of hydrogen (standard temperature and 
pressure) in water at varying temperatures and pressures. 
(From Industrial and Engineering Chemistry, 1952, vol. 44, 
p. 1147.) 


hardly zinc. Cadmium turned out to be the least 
noble metal to be precipitated in pure form at 
industrially satisfactory yields and rates. 

It will be noted from Fig. 1 that a hundredfold 
increase in hydrogen pressure is comparable to an 
increase of one pH unit. 

Calculating reduction equilibria in aqueous solu- 
tion for elevated temperatures is difficult in view of 
the uncertainty in estimating the effect of temper- 
ature on the entropies of solutes, ions, or undis- 
sociated molecules. Since there are ions on both 
sides of the equation, temperature changes in en- 
tropies were assumed roughly to cancel out. This 
is admittedly not a very good approximation, but 
it appears as good as any in the absence of experi- 
mental data. Eq. 4 was used to calculate reduction 
equilibria using room temperature data: 


— (T — 298) [4] 


It is based on the assumption that the reaction en- 
tropy at temperature, T, A S,r, is equal to the re- 
reaction entropy at 25°C, A Susx. Most of the data 
were taken from Latimer,” but for cobalt and nickel 
the data obtained by Haring” were selected. Data 
by Cobble* and Yatsmirsky-Grafova” were used to 
compute entropies of the ammine complexes. 

B. Solubility of Solids and Gases in Water at High 
Temperatures: Solubility of most metal compounds 
in water increases with temperature up to 120° to 
150°C but then decreases with further increasing 
temperature and becomes zero at temperatures ap- 
proaching the critical temperature of water, 373°C.” 
Even at 250°C, solubility of most metal sulfates has 
decreased to less than 1 gpl. At elevated tem- 
peratures solubility of basic metal salts and hy- 
droxides is also markedly decreased, and they 
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Fig. 3—Reduction equilibria of CuSO., NiSO:, and CoSO, in 
aqueous solution with H2 (490 psig partial pressure). Reduc- 
tions carried out at 200°C. pH measurements taken after 
quenching to 25°C. Calculated figures are computed for 
200°C for solutions containing no (NHx)2SOs. For Ni solu- 
tions containing (NH:)2SO:, computation includes cooling 
to 25°C. (Reprinted from Transactions of the Institution of 
Mining and Metallurgy, London, 1954/1955, vol. 64, p. 379.) 


will often precipitate out at reduction temperatures 
from solutions of considerably higher acid strength 
than at room temperature. The experience of early 
investigators is so full of references to such pre- 
cipitates that it is easy to see the importance of con- 
trolling solution composition and using temperatures 
below 250°C to achieve pure metal precipitates. Of 
course, some high temperature precipitates may re- 
duce as a solid phase and others may redissolve as 
the reduction proceeds; others may influence the 
reduction favorably, as hydrogen activators or as 
nuclei. In reduction from ammoniacal solutions hy- 
drolysis is particularly important, but the present 
discussion will have to be limited to the reduction 
of the metal ion only. 

Gas solubilities in water, on the other hand, de- 
crease with temperature increase up to about 80°C 
and then markedly increase with further increasing 
temperature,” see Fig. 2. 

The unusual trend in gas solubility has been asso- 
ciated with the change in the structure of water 
from quasi-crystalline at room temperature to close- 
packed at higher temperature. At 200°C the struc- 
ture of water is apparently similar to that of organic 
solvents, such as benzene, at room temperature” and 
shows similar solvent characteristics. The structure 
of water is noticeably affected by pressures only 
above 5000 psi, or above reduction pressures under 
consideration here.” 

C. Effect of Reaction Variables: Inspection of Eq. 
2 indicates that thermodynamics of metal reduction 
is favored by a low H* concentration, a high M™ con- 
centration, and high hydrogen pressure. 

1. Illustrative Experiments: Table I outlines the re- 
sults of various experiments qualitatively, illustrat- 
ing the effect of M** and H’* ion concentrations on 
reduction of nickel by hydrogen in various environ- 
ments. A low nickel concentration was chosen to 
prevent complication by precipitation of basic nickel 
salts. The technique is described on page 548. 
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Fig. 4—Reduction equilibrium of cobaltous ammine sulfate 
with He at 200°C and 500 psig He partial pressure. 


With nickel chloride, only 5 pct of the nickel was 
reduced because the H* ions that formed during the 
reduction—HCl being completely dissociated—had 
reduced the pH to a point where nickel reduction 
had to stop. In the experiment with nickel sulfate, 
the moderately stable bisulfate ion is formed and 
about 10 pct of the nickel was reduced before the 
solution became too acid. When ammonium sulfate 
was added to the nickel sulfate, the hydrogen ions 
produced were increasingly neutralized by forma- 
tion of bisulfate, and this buffering allowed half the 
nickel to be reduced before the solution was too acid. 

When ammonium acetate was added, the hydrogen 
ions produced were tied up as largely undissociated 
acetic acid, and the solution was completely stripped 
of nickel without becoming too acid. Nickel sulfate 
plus pyridine reacts to form a weak nickel complex, 
but pyridine is not a strong enough base, so the 
solution became too acidic and the reaction stopped. 

In the next experiment the nickel was complexed 
with a stronger base, ammonia, and the solution was 


Table I. Hydrogen Reduction of Various Nickel Solutions* 


Approximate 


Reduction Final pH, 

at Equi- Room 
Solution librium, Pct Temperature 
NiCle 5 1.9 
NiSO, 10 2.2 
2SO4 50 1.6 
NiSOu-NHsg acetate 100 4.1 
NiSO«-pyridine 70 2.0 
NiSOy-NHs3- 2SO4 98 9.8 
NiSOy-KCN 0 11.0 


* Ni = 0.2 M; temperature = 200°C; He pressure = 1000 psig. 


buffered with ammonium sulfate. The ammonia 
raised the pH so that hydrogen became a stronger 
reducing agent, but it also decreased the concentra- 
tion of nickel ion in solution by complex formation 
so that it was harder to reduce. This buffering and 
complexing also prevented nickel compounds from 
precipitating in the alkaline solution. 

In the experiment with KCN, the concentration of 
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Fig. 5—Rate of reduction of CuSO, solution with Hs at 204°C 

and with varying He partial pressures. Charge, gpl: 10 Cu as 

sulfate, 5 Fe as sulfate, 120 HsSO., 200 (NH:)2SO., and 80 


Cu powder. 
g/L Cu 
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Fig. 6—Rate of reduction of CuSO, solution with Hs. Charge, 
gpl: 10 Cu as sulfate, 5 Fe as sulfate, 120 H»SOx, or as indi- 
cated, 80 Cu as powder; 200 psig. H» partial pressure. Vary- 
ing temperatures (177°, 204°, 232°C at 120 H.SO,) and 
varying initial acid concentrations (5, 120, 138 gpl H2SO, 
at 204°C). 


nickel ion in solution was so low, because of CN 
complexing, that reduction could not be obtained 
even at pH 11. 

2. Effect of Hydrogen Ion Concentration: The equi- 
librium concentrations of copper, nickel and cobalt 
sulfate were calculated from Eq. 4 and available 
room temperature data. Accordingly the free energies 
of reduction for CuSO,, NiSO,, and CoSO, are some- 
what more negative, i.e., more favorable at 200°C 
compared with 25°C. The difference appears negli- 
gible for copper and amounts to not more than 1 to 
2 kcal for nickel and cobalt. 

Autoclave experiments were run to determine at 
200°C and 490 psi hydrogen partial pressure the 
nickel and cobalt concentrations in equilibrium with 
hydrogen at various pH values.’ Results of experi- 
ments and calculations are shown in Fig. 3. Ordinate 
values represent the molar concentrations of the 
dissolved metal. The calculated pH values pertain 
to the reaction temperature; the experimental pH 
values were of necessity obtained at room tempera- 
ture after cooling a sample from the autoclave. How- 
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ever, the pH at room temperature is expected to 
approximate the actual hydrogen ion activity at 
200°C because the stable HSO, ion appears to be- 
come even more stable with rise in temperature. 
It will be noted that copper can be essentially quan- 
titatively reduced in strong acid solutions with a 
calculated pH of —3, or 1000 M acid. Although this 
could not be checked experimentally, complete re- 
duction has been obtained from sulfuric acid solu- 
tions as strong as 20 pct. The data also show that 
cobalt and nickel can be reduced to 0.01 M (0.6 gpl) 
at pH values of 3.3 and 2.75 respectively. 

Selective reduction at controlled acid strength is 
indicated for commercially acceptable separation of 
copper, nickel, and cobalt from each other and from 
other metals likely to be found in leach liquors, for 
example, iron, zinc, aluminum, and magnesium. 
Experiments in stepwise selective reduction which 
show the sharp separation of two metals with poten- 
tials as close as those of nickel and cobalt have been 
reported in another paper.” 

Data on the effect of ammonium sulfate on reduc- 
tion of NiSO, are also included in Fig. 3. With am- 
monium sulfate present, reduction appears to pro- 
ceed to a lower pH value before equilibrium is 
reached. The pH is chiefly determined by the bi- 
sulfate-sulfate buffer system. The second dissocia- 
tion constant of H.SO, which is 1.25 x 10° at 25°C 
has been estimated to be 5.1 x 10% at 200°C. The 
hydrogen ion activity at reduction equilibrium 
therefore will increase upon cooling and furnish a 
pH somewhat more acid than the actual acidity at 
reduction conditions, satisfying the expression: 

In contrast to the above discussed reductions with- 
out ammonium sulfate, these equilibria with am- 
monium sulfate were calculated for room tempera- 
ture, using Eq. 5 to convert the equilibrium com- 
puted for 200°C to room temperature. 

For calculation purposes the activity of the metal 
ion at 200°C was assumed to be 1 and about 0.1 in 
the presence of ammonium sulfate, taking into 
account the formation of sulfate complexes.” Experi- 
mental data checked the calculated data closely 
enough to support the assumptions made. 

Additional experiments studying the reverse re- 
action, the dissolution of metal in H.SO, under H, 
pressure, gave an order of magnitude agreement. 
It is interesting to note that while nickel metal dis- 
solves easily in 1 pct H.SO, to produce H. gas at 
atmospheric pressure, 500 psi H. partial pressure 
will stop nickel dissolution in 1 pct H.SO,—0.5 M 
nickel solution. 

3. Effect of Metal Ion Concentration: Metal ion 
concentration depends upon complexing and also 
pH which controls the precipitation of basic com- 
pounds. 

Ammonia is an economical reagent for raising 
the pH of the solution and thus obtaining a more 
favorable thermodynamics for metal reduction. On 
the other hand, ammonia is also an efficient com- 
plexing agent for copper, nickel, cobalt, and cad- 
mium, and the metal ion concentration in such 
solutions is therefore considerably diminished ac- 
cording to: 


M** NH, x 
[M(NHs).**] 
In Table II overall dissociation constants k, and 
standard potentials are given for a number of metal 
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Fig. 7—Rate of reduction of CuSQ, solution with He (200 
psig partial pressure) at 204°C, with varying sulfate con- 
centration. Charge, gpl: 10 Cu as sulfate, 120 HsSO:, 80 
Cu powder; 5 Fe as sulfate, except second curve from top: 
15. (NH,)SO; as indicated. 


“ce 


ammines. ce log k + log 55” data are also in- 


cluded. This expression was introduced by Bjerrum 
a few years ago” as a more convenient way for ex- 
pressing the strength with which the ligands are 
held. N is the number of uniformly bound ligands, 
Z the corresponding coordination number, and k the 
mean complexity constant of the system. 

It should be noted that due to the decrease of 
metal ion concentration the potential for the ammine 
is higher. However, the increase is less than the 
increase in the hydrogen potential with a change 
from acid to ammoniacal solution, and all these 
complexed solutions are thermodynamically re- 
ducible by hydrogen from ammoniacai solution. 

In contrast to its behavior in acidic solution, 
bivalent cobalt in ammoniacal solution is more 
noble than nickel. This is due to the increased dis- 
sociation of the cobaltous ammine complex, the 
dissociation constant being 1.25 x 10°, as against 
1.8 x 10° for nickelous ammine. 

Also it appears that a certain nickel-cobalt sepa- 
ration can be obtained in acid but that in ammoniacal 
solution cobalt should reduce ahead of nickel. How- 
ever, some selective nickel reduction has also been 
obtained in ammoniacal solution.” ” This indicates 
that nickel reduces at a faster rate than cobalt. 

The reduction of divalent metals from ammoniacal 
solutions may be written: 


M* + 2NH, + H, = M° + 2NH,* 
or 
a k,: [M(NH;)x**] Px, 
Evaluating this equation at 200°C with room 
temperature data again requires the simplifying 
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assumptions used with Eq. 2. This gives Kao = 
4.78 x 10° for the reduction of Co(NH,),**. Assuming 
Keo = 4 X 10%, activity coefficient of NH, = 0.5 
and of NH,' and the ammine complex = 0.2, the 
curves of Fig. 4 were obtained. These curves were 
checked by experimental reduction for 0.2 and 2.0 
mols per liter (NH,).SO,. 

The presence of k, in the denominator in Eq. 8 in- 
dicates that reduction of weak complexes is favored. 
It is apparent that high concentrations of ammonium 
salts and free NH, (except in diammine reduction) 
adversely affect the reduction equilibrium, see Fig. 4. 

Eq. 8 is valid only for one particular complex, 
whereas actually a number of different complexes 
exist that should be taken into account in an exact 
treatment of the system. It should be remembered 
that during the course of the reduction the total 
metal ion concentration decreases and 2M NH,:M 
metal are converted to (NH,).SO,. For example, if 
a mol ratio of 4 NH;:Co is used at the start, after 
90 pct reduction the mol ration is 22 NH,:Co. With 
increasing NH,:Co ratio the complexing increases 
and cobalt ion concentration decreases much faster 


Table Il. Copper, Nickel, and Cobalt Ammines* 


Standard Potential (25°C) (volts) Dissociation Constant of Ammine 


Tonic Solution Ammine Solution kx N 
— log k + log 55 
Z 
Cu (NHsz)2+ + 0.12 1.35 x 10-4 7.2 
Cut+ — 0.337 Cu(NHsz)4++ + 0.05 4.7 x 10-5 5.0 
Ni++ + 0.231 Ni + 0.49 1.8 x 10-9 3.2 
Cot+ + 0.278 Co(NHs)e6++ + 0.42 1.25 x 105 2.6 
Co (NHsa) 2.2 x10 7.6 


* According to Latimer, Ref. 16. 


than the total cobalt concentration. It would seem 
that the use of more than 2 NH,:Co would be un- 
desirable because the reduction would not go to 
completion. However, the lower ammines are not 
very stable at reduction temperatures, and an am- 
monia ratio initially somewhat above 2 may be re- 
quired to prevent hydrolysis. Hydrolysis can also 
be minimized by adding (NH,).SO,. In commercial 
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Fig. 8—Rate of reduction of nickel. Tetrammine sulfate 
solution at 232°C with 450 psig He partic! pressure, with 
and without nickel seed. 
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Fig. 9—Crystalline copper precipitated at 80°C from 
Cu2(CO)SO; solution by slow disproportionation. X300. 


practice, in cobalt reduction 3 NH;:Co is used with 
0.4 M (NH,).SO, while in nickel reduction about 2 
NH;: Ni is used with up to 2 M (NH,).SO,. In other 
words, extra ammonia has been found better for 
cobalt and extra (NH,).SO, has been found better 
for nickel in order to control both precipitation of 
nonmetallic compounds at the beginning of the re- 
duction and the adverse effect of high NH,:metal 
and high (NH,).SO, at the end. The situation is 
even more involved when ammoniacal copper car- 
bonate solutions (scrap copper leach liquor) are 
reduced. Copper in ammoniacal solution is present 
in two valence states and numerous complexes be- 
tween Cut, Cut, NH;, and carbonate exist. When 
CO is used as reducing agent, additional complexing 
of Cu* with CO occurs. Not only is the picture 
complex at the start; the situation becomes more 
complicated during the course of reduction as NH, 
and CO, are liberated, resulting in an increase of 
their partial pressures and a corresponding decrease 
of the partial pressure of the reducing gas. 

4. Effect of Hydrogen Pressure: Data in Fig. 1 
show that increasing hydrogen partial pressure has 
small effect on reduction equilibrium compared to 
the effect of pH. Use of high H, partial pressures is 
therefore not justified thermodynamically. 


Mechanics and Kinetics 

It has been pointed out that high pressures and 
temperatures are not needed for hydrogen reduction 
of most metal solutions. Yet commercial operation 
in plants using hydrogen reduction employs tem- 
peratures of 140° to 200°C and pressures of 400 to 
800 psig, of which at least half is H, partial pressure. 
These conditions, according to present knowledge, 
have been found justifiable in order to obtain com- 
mercial reduction rates. They are still far less than 
those used by earlier investigators. 

For a useful process it is not enough merely to 
make metal from its solution at a reasonable rate. 
It is also necessary to get the metal product in a 
form suitable for discharge from the reduction auto- 
clave, that is, as a sand-sized powder product rather 
than as plate on the walls of the autoclave or as 
pebbles. Obtaining metal in suitable form is also a 
kinetic rather than an equilibrium phenomenon. 
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Fig. 10—Copper powder. He reduced from CuSO.-H2SO, so- 
lution at 200°C. No seed. Agglomerates of crystals are re- 
sult of precipitation by Hz at high reaction rate in commer- 
cial-type reaction. X25. 


It is readily admitted that at the present time no 
attempt to formulate a complete kinetic explanation 
of metal reduction can reasonably be contemplated. 
Furthermore, the diversity of reduction kinetics 
makes the experimental picture very complex to 
present in full. To maintain the introductory char- 
acter of this article an illustrative discussion is pre- 
sented of the mechanics and kinetics of the reduc- 
tion process and semi-quantitative data on one sys- 
tem only, the reduction of CuSO, with H:. 

A. Effect of Reduction Conditions: Primary con- 
trollable variables in hydrogen reduction are hy- 
drogen pressure, temperature, solution composition, 
amount and kind of seed metal added, and agitation 
employed. 

Example: Reduction of CuSO,: The investigation 
was carried out with dilute copper solution to ap- 
proximate the conditions of the last compartments 
in a continuous reduction system where the rates 
will be least. Also, complications due to possible 
formation of nonmetallic precipitates are avoided. 
Preliminary experiments on reproducibility indi- 
cated that data can be reproduced to a fair degree 
if heat-up effects are ignored. Some seed (oxidized 
surface) is leached during the heat-up period and 
causes some difference in copper concentration at 
zero time. The ordinates in Figs. 5 to 8 indicate con- 
centration of metal remaining to be reduced. 

1. Hydrogen Pressure: Effect of variation of the 
hydrogen partial pressure is shown in Fig. 5. The 
straight line portion of the curves in Fig. 5 at the 
lower hydrogen partial pressure indicates that the 
reaction may be controlled by dissolving of hydrogen, 
but at the higher partial pressure this effect dis- 
appears. 

2. Effect of Temperature: A similar set of experi- 
ments was run with fixed hydrogen pressure at 
various temperatures. Results are shown in Fig. 6. 
It may be noted that the rate is considerably in- 
creased with temperature. 

3. Effect of Acidity: Also included in Fig. 6 are 
curves for reduction of solution with varying con- 
centrations of acid initially present. The adverse 
effect of acid on the reduction equilibrium was noted 
above in the theoretical discussion. Rate of reduc- 
tion is also reduced by increasing acid strength. 
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4. Effect of Sulfate: Presence of sulfate, on the 
other hand, (NH,).SO, or FeSO.,, for example, in- 
creased the rate considerably, as shown in ie, 17. 

5. Effect of Seed: In all the experiments of this 
section 80 gpl of copper seed was present. Seed used 
in these experiments was produced by dispropor- 
tionation of an ammoniacal cuprous sulfate solution 
by acidification. Under these conditions the copper 
powder product consists mostly of octahedral crys- 
tals as illustrated in Fig. 9. Increase in copper powder 
hardly increases the rate of reduction. This is in 
marked contrast to conditions in nickel or cobalt 
reduction, Fig. 8. 

6. Effect of Agitation: It has been mentioned that 
certain reduction tests gave a slow rate because 
they were diffusion-controlled. It will be shown 
below that the use of seed is frequently desirable 
to activate H, or to facilitate growth. To avoid dif- 
fusion-controlled reactions and to suspend the seed 
metal powder, adequate agitation is needed. In 
general this is intense agitation designed to keep 
the solids suspended and to maintain a good gas- 
liquid transfer. This is important for reactions car- 
ried out in expensive pressure vessels where eco- 
nomic considerations require that reaction time be 
maintained at a minimum. Although above tests on 
CuSO, were all carried out with the same agitation, 
experimental reduction data should always be taken 
as relative, and unfortunately comparison and scale- 
up of agitation, particularly for such complex re- 
action systems, are still far from being fully under- 
stood. 

B. General Mechanism: Figs. 9 to 16 indicate the 
nature and variety of the powder product obtained 
from reductions. It may be noted that the usual 
metal product is highly agglomerated, but well 
formed crystalline metal particles can be obtained. 

Metal preparation by reduction of the metal ion 
from solution with H. is composed of nucleation, 
growth, and agglomeration phenomena. Nucleation 
is the homogeneous formation from the metal ions 
of the smallest stable particle of metal. Growth for 
the present purposes is the atom-by-atom deposition 
of metal onto a solid surface, whether a metal or 
foreign surface. Agglomeration is the clustering of 
two or more metal particles to form an aggregate 
which can be permanently cemented together by an 
overgrowth of metal. 


Fig. 11—Nickel powder, H2 reduced from Ni(NHs)sSO.- 
(NH,)2SO, solution at 200°C, on seed. X50. For cross sec- 
tion see Fig. 12. 
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e The Chemico metals technique is proving its 
worth, as several plants are now operating close 
to or at capacity and consistently produce copper, 
nickel, and cobalt of commercially attractive 
purity at competitive costs. 

© Having met contract performance, American 

Cyanamid Co. turned over operation of the Calera 
plant of Howe Sound Mining Co. to its owners on 
Dec. 8, 1955. A practical commercial operation, 
the plant is reported to have produced in March 
250,000 lb of cobalt containing 3 to 4 pct Ni. 
_ © Sherritt Gordon operations for 1955, includ- 
ing an ammonia leach of the company’s own de- 
sign, have already been reported as satisfactory 
and are said to have exceeded plant capacity. 
Twenty-five tons of nickel per day and some co- 
balt are now produced. 

e National Lead’s Fredericktown plant for re- 
covery of copper, nickel, and cobalt from 50 tpd 
of low grade sulfide concentrate is said to operate 
at about two-thirds capacity. 

e The Whitaker Metals Co. scrap copper leach 
plant has recovered as much as 240,000 lb per 
month of a premium product for the copper metal 
powder market. The plant is now operated by 
Fluor Corp. as a semi-pilot plant. 

e Freeport Sulphur Co.’s demonstration plant 
for recovery of nickel and cobalt from 50 tons of 
Cuban laterite per day is reported to be operating 
satisfactorily at full capacity. 

e Chemical Construction Corp., which did all 
the early research and development work and the 
design and construction of the plant, was sold by 
American Cyanamid Co. to Ebasco in April 1956. 
Negotiations are in progress for sale of the metals 
processes patents. 


Earlier kinetic and electron microscopy study on 
gold sols by Turkevich et al. should be mentioned. 

Qualitative reducibility of a given metal ion natu- 
rally depends on the chemical nature of the metal 
ion, that is, on whether the ion is complexed by 
water, chloride, ammonia, or even organic mole- 
cules. Cadmium acetate, for instance, appears to 
reduce much more rapidly from an alcohol solution 
than from an ammine complex in an aqueous solvent. 

Metallic cadmium was precipitated in small yields 
by H, reduction from several ammine sulfate solu- 
tions at 224°C and 1200 psi total pressure. A par- 
ticularly pure metal product, however, is obtained 
in good yield, 65 and 80 pct, respectively, from a 
0.5 M cadmium acetate solution in methanol or iso- 
propanol at 200°C and 500 psi H, partial pressure. 

In this connection it may be noted that cobalt 
ammine complexes often are markedly stable from 
a kinetic viewpoint.” 

1. Nucleation: Homogeneous nucleation of metal 
particles is usually difficult compared to their growth. 
For example, reduction of copper, nickel, and cobalt 
from ammoniacal solution will usually nucleate only 
with difficulty but will readily grow additional metal 
onto metal surfaces already present. On the other 
hand, reduction of copper from acidic solution nu- 
cleates (and grows) readily, presumably merely 
because a larger number of metal ions are available 
in acidic solution. In ammoniacal solution the prob- 
lem is therefore one of supplying a metal surface, 
or seed, for growth. In early work at Chemical Con- 
struction Corp. this was accomplished by grinding 
the oversize metal product. However, grinding is 
cumbersome and a source of contamination of the 
product; also it is not possible to restore the original 
internal surface of the early precipitates. It soon 
became evident that improved means of nucleation 
had to be developed, such as: 1) use of a nongaseous 
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Fig. 12—Cross section of a Fig. 11 type of nickel powder. 
He precipitation from ammoniacal sulfate solution on seed. 
Note growth by agglomeration and deposition (onion struc- 
ture). X100. 


Fig. 13—Nickel powder. Hz reduced from acidic NiSO,- 
(NH,)2SO, solution in continuous operation at 200°C. Ne 
seed. X75. 


Fig. 14—Electron micrograph of nickel needles from a pow- 
der obtained by He reduction of NiSO.-H2SO; solution at 
200°C. Area shown is approximately 3u wide. 
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reducing agent (e.g., hypophosphite or hydrazine) 
to produce a fine metal colloid from a minor portion 
of the solution; 2) performing a self-nucleating acid 
reduction on a minor part of the solution; or 3) use 
of solid compounds that catalyze the growth of metal 
by H, reduction. 

Nickel and cobalt metal, certain oxides, and vari- 
ous other hydrogen activating compounds are used 
industrially for hydrogenation of unsaturated organic 
compounds. It appears plausible that such com- 
pounds would also catalyze a metal reduction. Het- 
erogeneous catalysis was indeed found to be impor- 
tant for the nucleation of metal in reduction by H,, 
and it happens in the case of nickel and cobalt pre- 
cipitation that the reduction products themselves 
are among a number of possible hydrogenation 
catalysts. On the homogeneous catalytic activation 
of H, by Ag*, Hg**, or Cu**, see Halpern.” 

It should be noted that it is often difficult to decide 
whether in a given reduction run the metal had 
truly nucleated in the bulk of the solution or whether 
reduction was initiated on accidental impurities 
such as dirt or oil from the stuffing box. 

2. Growth: Crystal growth is a sequence of dis- 
solution, bulk diffusion, surface adsorption, surface 
diffusion, chemical reaction, deposition, desorption, 
and other reactions, and the kinetics of growth is 
concerned with the kinetics of that sequence. Gross 
reaction rate during a reduction should somehow 
depend, in a first approximation, upon the effective 
metal ion concentration, the H, molecule concentra- 
tion (in solution), the metal surface area, and tem- 
perature. Other effects of lesser immediate interest 
include the variation in growth rate between dif- 
ferent crystal faces, activity coefficients, and poison- 
ing of the metal surface by adsorption. 

Quantitative studies of growth kinetics are se- 
verely obscured by agglomeration of particles dur- 
ing reduction, which makes it difficult to determine 
surface areas. Also, as described above in reduction 
from ammoniacal solution the varying NH,;:M* and 
NH, mol ratios during reduction cause a varying 
effective concentration of metal ion. For the present 
purpose, however, it is evident that the amount of 
surface area is important, see Fig. 8, and that the 
nucleation reaction noted above should give a high 
area of metal. The structure of the nickel powder 
shown in Fig. 12 indicates growth by deposition 
(onion structure) and agglomeration. 

Even the mechanism by which crystal growth 
occurs is not clear. Recent investigations increas- 
ingly support a screw dislocation mechanism for 
crystal growth rather than the classical two-dimen- 
sional, surface nucleation: viewpoint. In metal re- 
duction, a filamental type of crystal growth has often 
been observed which appears to be the result of a 
dislocation mechanism, see Fig. 14 and Ref. 30. 

Since cobalt and nickel metal are ferromagnetic, 
it would perhaps be expected that growth of these 
metals in a magnetic field would affect the growth 
kinetics or at least the magnetic properties of the 
resulting metal crystals. In the laboratory of Chemi- 
cal Construction Corp. W. G. Courtney has observed 
an increase in the coercive force of these metals 
when they were prepared in a magnetic field by 
reduction with hypophosphite. However, he could 
observe no effect on the coercive force in reduction 
by H.. This suggests a qualitatively different growth 
mechanism with the two different reducing agents.” 

3. Agglomeration: From colloid chemistry it is 
known that, unless stabilized, solid particles in the 
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size range of 0.1 to 5 » agglomerate. A particle may 
agglomerate either to another particle or to the 
autoclave wall. According to theory, the tendency 
for either type of agglomeration to occur depends 
upon particle concentrations, surface area of the 
wall, type and degree of adsorption of ions onto the 
surfaces of the particles and walls, degree of agita- 
tion, and many other factors. Appropriate data at 
elevated temperature are again lacking; even at 
room temperature the agglomeration process is not 
well understood. 

Agglomeration is doubly undesirable. Ageglomera- 
tion between particles decreases the total metal sur- 
face area and thus the reduction rate. Agglomera- 
tion to the wall, or wall plating, Fig. 15, not only 
removes metal from the immediate production but 
also requires equipment downtime for its periodic 
removal. After plating starts there is a catalytically 
active metal surface on which additional metal will 
be easily deposited, unless a much larger surface of 
metal in the bulk solution is provided in the form 
of metal seed particles. On the other hand, agglom- 
eration, in cases of slow growth, is the only mech- 
anism available to consolidate small particles to 
form metal powder coarse enough to prevent its 
redissolution in subsequent washing steps or dusting 
in drying operations. 

Two observations from separate and dissimilar 
studies will be given to illustrate the agglomeration 
process. Successive samples of a NiSO, reduction 
conducted at slow rate showed that in the first 
sample the nonagglomerated particles have a size 
range of 0.1 to 0.4 uw (by electron microscope). In 
the second sample taken a few minutes later, the 
particles are either 0.5 to 0.8 » or are agglomerates 
of 2 to 5 » total diameter. 

An autoclave with glass walls (a sight glass) was 
used to reduce copper from an ammine carbonate 
solution with CO. As the temperature was increased 
toward 120°C, a Tyndall effect was noted. A few 
minutes later, presumably after a critical particle 
size had been reached, a sudden coagulation oc- 
curred which formed a few visible agglomerates in 
the bulk of the solution and rapidly coated the glass 
wall with copper foil. 

Purity 

Impurities in a metal reduction can arise from: 
1) superficial entrapments of solid salts or solution 
during agglomeration of metal particles, 2) entrap- 
ment by agglomeration but followed by an over- 
growth of additional metal, or 3) an intimate mix- 
ture of impurity and metal atoms arising from 
incorporation of impurity atoms during the atom- 
by-atom growth of metal during reduction. 

Reduction from insufficiently buffered ammoniacal 
solution at excessive temperatures may lead to im- 
pure powders. The fluffy basic metal compounds 
that precipitate on heating up are likely to retain 
impurities, and since such compounds normally re- 
duce directly by solid-gas reaction without being 
redissolved as reduction proceeds, contamination by 
carbon from carbonate or sulfur from sulfate solu- 
tion, oxygen, or contained impurities is in certain 
cases expected. 

It is also possible at temperatures near 250°C to 
reduce sulfate to sulfide with hydrogen. Another 
reason for using control of environment to facilitate 
reduction is that such high temperatures are not 
needed. 

Pure metals can also be obtained from impure 
solutions. Impurities such as iron, zinc, aluminum, 
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Fig. 15—Nickel foil and agglomerates as stripped from the 
walls of the autoclave. Reduction of an ammoniacal nickel 
solution at 175°C with Hs. No seed was provided. Compare 
with Fig. 13, nickel from an equally unseeded reduction, but 
from a self-nucleating acid system. X3. 


Fig. 16—Cobalt powder. reduced from Co(NHs)sSOu- 
(NH,).SO; solution at 200°C, on seed. Highly densified. 
Note how in contrast to Fig. 11 surface of agglomerate is 
smoothed out by subsequent metal deposition. X75. 


and magnesium are not reduced to metal and will 
not contaminate the metal powder if kept in solu- 
tion. Copper powder containing 0.005 pct Fe has 


Table I!I. Analyses of Copper, Nickel, and Cobalt Powders 


No.1 No. 2 No.3 No.4 No.5 No.6 No.7 
u Ni Ni Ni Co Co Co 
Cu 99.948 0.01 nil 0.037 nil 0.01 0.02 
Ni nil 99.85+ 99.72 99.74 0.15 0.54 Onin 
Co nil 0.1 0.24 0.15 99.6 98.49 95.7 
Fe 0.007 0.01 0.025 0.027 0.20 0.05 0.07 
Zn nil nil nil 
Sn 0.003 
Pb ni 
Ss nil 0.01 0.001 0.015 0.02 0.05 0.05 
0.011 
He loss 0.008 


* No nickel-copper separation carried out at this plant. 
Nos. 1-3 and 5 are products prepared in different piloting opera- 
tions.?,29 
Nos. 4, 6, and 7 are plant products. 


been produced in acid reduction from solution con- 
taining up to 15 gpl Fe’. Even cobalt and nickel, 
if present, do not contaminate copper if the copper 
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is reduced from solution with a pH of less than 1 
where, as shown by Fig. 3, cobalt or nickel are not 
reduced at equilibrium conditions. In one commer- 
cial operation copper is reduced from a solution 
richer in nickel. and cobalt than in copper and the 
powder produced analyzes less than 0.01 pct of each, 
nickel and cobalt. 

Copper analyzing 99.99 pct has been produced 
from sulfate and from carbonate solutions. In Table 
III a few product analyses from various industrial 
and larger piloting operations are given. 

In general each problem is different and any re- 
quired purity can be obtained by a combination of 
controlled reduction with prepurification and sub- 
sequent washing. 


Apparatus 

Experimental data presented here have been ob- 
tained during the course of a program of applied 
research extending over a period of several years. 
Autoclaves used include rocker bombs, 1-gal auto- 
claves heated with Dowtherm jackets or with gas 
and usually equipped with a liner. Temperatures are 
usually controlled within 2 to 5°C. A few experi- 
ments have been run in 10 and 25-gal autoclaves. 
These are heated with a steam coil. 

Although the air in the clave could be removed 
by heating and venting, because many solutions may 
contain ammonia, it has been the standard practice 
to purge the clave with nitrogen before heating. 

The pressure vessels were usually provided with 
sample lines, some having porous stainless steel or 
tantalum micro filters, for sampling at operating 
temperature and pressure into sample bombs. In 
experiments of qualitative nature, the pressure ves- 
sels were cooled before discharging, although some 
redissolution of metal may have resulted. 

Considerable quantities of reducing gases are con- 
sumed in these reduction reactions. In view of their 
low solubility, maintenance of good absorption and 
diffusion rates by suitable stirring is important.” 
Various types of agitation have been employed. 

Most of the various physical and chemical re- 
actions that occur during a reduction appear to be 
greatly affected by what may be called the hydro- 
dynamics or the stirring pattern, which in turn are 
largely functions of the geometry of the stirrer and 
vessel, of the stirring rate, of the composition of 
the solution, and of the reaction conditions. Efficient 
dispersion of solids (seed metal, catalysts and newly 
precipitated metal) is as important as good gas dis- 
tribution. Excessive centrifugal action should be 
avoided in order not to plaster the autoclave walls 
with growing metal particles. Rough surfaces are 
undesirable, as they become coated much faster. 

Precipitated powdered metal was usually washed 
with water, alcohol, and acetone or ether and then 
dried on a steam bath. In some tests the powders 
were dried with hydrogen at elevated temperatures. 
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Petrologic Methods for Application to 
Solid Fuels of the Future 


Coal is differentiated variously according to criteria of com- 
position and texture by different systems of coal petrology. 
Accordingly, terminology is not uniform. Different procedures 
are discussed, including Thiessen’s Whipple disc method and 
procedures suitable for study of oriented and disoriented 
samples of coal. Coal petrology should be applied more fully 
to problems of geology, mining, and technology. 


by James M. Schopf 


Gor petrology is the study of the lithologic com- 
position and texture of coal and includes mega- 
scopic as well as microscopic differentiation. Coal 
petrography is a quantitative study, principally (but 
not exclusively) microscopical in nature. The dis- 
tinction between coal petrologic and coal petro- 
graphic studies usually is not important, but it is 
important to recognize that these studies differ mate- 
rially from other types of petrology that deal pri- 
marily with minerals. The petrologic entities* of 


* Materials in coal that are identified or distinguished in coal 
petrology are here spoken of generally as coal petrologic entities. 
This noncommittal expression is desirable because it may include 
minerals and because sometimes distinctions are drawn more or less 
sharply between entities spoken of as the ingredients, constituents, 
and organic components of coal. Other classes of coal petrologic 
entities are macerals and phyterals. 


coal are less clearly distinguished than most min- 
erals and the basis of distinction is not always clearly 
expressed. The relation of coal petrology to geologic, 
mining, and technologic problems is most evident 
when results of coal petrologic studies can be stated 
quantitatively. 

The chemical and physical composition of coal 
and the determination of its quality and properties 
are continuing problems. The source of these prob- 
lems lies in the heterogeneity of coal and in its 
almost complete insolubility in ordinary solvents at 
normal temperatures. The empirical and compara- 
tive character of standard chemical coal analytic 
values is one of the consequences resulting from 
heterogeneity and insolubility of coal. Nevertheless, 
these coal analytic methods are highly technical and 
diversified. Coal petrology employs a group of simi- 
lar analytical methods which provide information 
about coal that the other methods cannot supply. 
The heterogeneity of coal is most clearly demon- 
strated by means of petrologic studies. 

The properties utilized in coal petrologic studies 
are related to texture (size, form, and association), 
hardness, light reflectance, and light absorption and 
transmission (color). Size relations are most evident 
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RELATIVELY RELATIVELY 
REACTIVE INERT 
COMPONENTS COMPONENTS 


(13)"Dark" Brown Matter 

(14) Granular Opaque Matter 
(15) Amorphous Opaque Matter 
(16) Fusinized Opaque 


(1) Megascopic Anthra- 
xylon (>1/2 mm) 

(2) Attrital Anthra- 
xylon(1/2mm to 14 


(3) Sub-anthraxylon Matter (<30,) 

(14y to 7323 (17)"Dark’ Semi-Fusain (> 30 
(4) Humic Matter (18) Attrital (Micro) Fusain 
(5 )"Light"Brown Matter | $3 (30 p to 1/2mm) 
(6)"Red"Resins (19) Megascopic Fusain(>1/2mm) 


(20) Pyritic Minerals 
(21) Clayey Minerals 
(22) Other Minerals 


(9) Amorphous Wax 
(10) Suberin,(11)"Yellow Resins 
(12) Fungal Matter 


snoasad 


(7) Spore eon 


Fig. 1—General list of relatively reactive and relatively inert 
components in coal. 


but are commonly overlooked. Coal is classed chemi- 
cally as a mixture, and chemical analyses thus show 
the composition of the sample as a whole. Geologi- 
cally coal is an organic clastic deposit, derived from 
diverse plant fragments and particles having a size 
range comparable to that of a conglomerate or 
breccia. The mixture of different materials that 
compose coal, large and small, can be realized only 
by microscopic study. This is because the funda- 
mental cellular units of plants, from which coal is 
formed, are microscopic in size. The kinds of altered 
plant particles and fragments in coal have specific 
differences in hardness, reflectance, and color that 
signify differences in composition. These differences 
must be taken into account in evaluating the aggre- 
gate properties of coal. 


Terminology and Texture 
Full discussion of terms applied by various petro- 
logists in analysis of coal is beyond the scope of this 
article. For convenience the simpler types of petro- 
logic entities that are defined without reference to 
lithologic occurrence or texture will be called coal 
components. Fig. 1 lists reactive and relatively inert 
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Ingredients Components 
VITRAIN (1) Megascopic An. |, 
(2) Attrital An. 
(3-5) THDM 
(6 )"Red"Resinous M._|= 
(7-11) Cereous Matter 
(12) Fungal Matter Se 
(13) "Dark" Brown Matter 
(14-15) GOp & AOp M.|t 
(16) Fusinized Op. M. |£ 
(17)"Dark" Semi-fus. | > 
(18) Attrital Fusain |S 
FUSAIN (19) Megascopic Fus. 
pistrib. | Attrital Coal * (20) Pyritic Minerals |c 
uted as) !Mpure Coal * (21) Clayey Minerals 
Partings (*in part)|| (22) Other Minerals 


Megascopic 
Examination 


High Resolution 
Microscopy 


Fig. 2—Comparison of megascopic ingredients with list of 
components in coal. 


components. The contrasting degree of reactivity of 
various coal components to oxidation, hydrogena- 
tion, etc., should not be confused with general dis- 
tinctions between carbonaceous and noncarbona- 
ceous substances. 

Some of the components listed are distinguished 
by arbitrary size boundaries or thresholds. Others, 
such as resins and cuticles, are identified without 
reference to size. Although this list is not exhaus- 
tive, it includes practically all compositional or 
physical elements that are quantitatively identified 
in one form or another in the various systems of 
coal petrography. 

It is customary to speak of the megascopic entities 
of coal as ingredients or as banded ingredients. A 
comparison of the list of megascopic ingredients and 
the list of coal components is presented in Fig. 2. 
Exclusive of mineral components, all components 
except megascopic anthraxylon and megascopic 
fusain enter into the heterogeneous composition of 
fine-textured or attrital coal. Varieties of attrital 
coal are most difficult to define precisely and their 
range of composition greatly concerns us. Clarain 
and durain, mentioned in Fig. 2, contain all the ele- 
ments of attrital coal; hence their effective discrim- 
ination must be on a quantitative microscopic basis. 
German coal petrographers have followed this prac- 
tice for a number of years, and in their studies clarit 
and durit have only a microcompositional connota- 
tion (Ref. 1, pp. 277-280). Neither clarain nor durain 
is capable of explicit definition by megascopic stand- 
ards; a broad range of attrital coal, intermediate 
between the two extremes of composition that are 
more distinctive, makes it appear unwise to use 
clarain and durain for purposes of general mega- 
scopic comparison. 

It seems appropriate, for present purposes at least, 
to refer to the four standard entities of Thiessen’s 
analyses,’ first presented in 1931, that combine 
criteria of texture with criteria of composition as 
the constituents of coal. Fig. 3 illustrates the rela- 
tion of the components to the constituents of this 
standard analytic grouping. The equivalence of the 
megascopic ingredients, Fig. 2, and microscopic con- 
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stituents, Fig. 3, can be readily observed if the 
columns listing them in Figs. 2 and 3 are super- 
imposed on each other. 

Stopes proposed in 1935 that the microcomposi- 
tional entities in coal, analogous with minerals, be 
called macerals. During the last few years German 
scientists have applied a modified maceral term- 
inology in coal petrologic studies." ** None of the 
macerals that have been defined involve textural 
criteria. Fig. 4 shows the principal maceral entities 
in comparison with the same lst of components 
given in previous figures. 

As may be seen from the preceding charts, none 
of the ingredient, constituent, or maceral entities in 
coal, except the mineral impurities, are precisely 
equivalent to each other. Each of these entities in- 
volves a different component assortment. Term- 
inology of different systems cannot be regarded as 
strictly synonymous. 

Many writers apparently do not realize these dif- 
ferences exist between the different classifications. 
They have assumed, for example, that vitrain and 
anthraxylon are the same (Ref. 5, p. 46; Ref. 6, p. 
266). Fig. 5 has been arranged to show the varying 
usages and proposals. 

It is evident that coal petrographers differ greatly 
in their interpretation of the thickness of bands that 
should be assigned to vitrain. Anthraxylon, how- 
ever, appears to have been identified by all accord- 
ing to the same size criteria after Thiessen first de- 
vised his quantitative system of coal petrography 
in 1931 (Ref. 7, pp. 551-555). The terms vitrain and 
anthraxylon usually apply to very different textural 
(band thickness) fractions of a coal. Differences in 
application of terms are illustrated in independent 
studies of coal from the same mine by McCabe* 
(1936) and by Thiessen and Sprunk (1932).’ In the 
coal from that mine McCabe identified 22.7 pct 
vitrain (band thickness exceeding 1% mm) and 
Thiessen and Sprunk identified 70 pct anthraxylon 
(thickness exceeding 14 »). A restudy of this coal 
by the writer, applying the same megascopic (> % 
mm) and microscopic (> 14 ») standards, confirmed 
the results of Thiessen and Sprunk and of McCabe. 


Constituents Components 


(1) Megascopic An. |, 
(3-5) THDM 2 
(6 )"Red"Resinous M._|= 
(7-|1) Cereous Matter 2 
(12) Fungal Matter 
(13) "Dark" Brown Matter 
(4-15) GOp & AOp M. |= 
(16) Fusinized Op. M. |£ 
(17) "Dark" Semi-fus. | > 
(18) Attrital Fusain > 
(19) Megascopic Fus. | 
(20) Pyritic Minerals 
(21) Clayey Minerals 
(22) Other Minerals 
Routine High Resolution 
Microscopy Microscopy 


Fig. 3—Comparison of constituents with the list of components 
in coal. 
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itwas not Surprising that differences in textural 
interpretations have given rise to differences in 
application of coal petrologic terminology, since coal 
has a much more highly oriented, lineated texture 
than most of the rocks associated with it. Coal, like 
the peat from which it is derived, is an obscurely 
bedded deposit in which only the beds marked by 
detrital impurities are easily distinguished. The high 
degree of lineation observable in coal and allied 
carbonaceous deposits is largely related to compac- 
tion and compression of inherent plant materials. 

The texture of coal cannot be determined without 
reference to orientation and, as will be brought out 
in a later section, this is of practical importance. 
Texture has not been emphasized in most coal petro- 
logic studies, however, and frequently a clear-cut 
distinction between texture and composition has not 
been made. Terms like anthraxylon and vitrain, 
which have a definite textural as well as composi- 
tional connotation, have in some instances been ap- 
plied to the study of disoriented coal particles where 
the texture could not be determined. 

It is inaccurate to apply distinctions based on 
band width in study of disoriented coal. Some of 
the vitrinized strands that would normally be as- 
signed to translucent attritus (such as subanthra- 
xylon, Fig. 5) appear greatly exaggerated in thick- 
ness in oblique section among disoriented particles 
and thereby are indistinguishable from anthraxylon. 


One recent study has indicated that in some sam- 
ples error caused by disorientation is negligible.” 
Analyses based on granular disoriented coal were 
compared with analyses of oriented surfaces of the 
same coal before crushing. Small specimen blocks 
were used throughout to provide careful control. 
The positive error for ‘‘vitrain” (+ 254 band width) 
in all nine blocks amounted to only 2.21 pct. This 
would seem to signify that only a very small amount 
of — 25 “subvitrain” was present. It seems safe to 
predict that if a greater amount of ‘subvitrain”’ 
existed in the coal the error would be greater. The 
important point is that there seems to be no way of 
determining how great this error may be unless the 
exactly corresponding oriented texture has been 
determined. 


Traverse (Ref. 11, p. 99) also has recognized the 
problem inherent in identifying anthraxylon in 
samples of disoriented coal. He expressed the belief, 
based on his previous study of oriented sections of 
a column specimen of the same coal, that his results 
could not be greatly affected because very little 
vitrinized material subsize to anthraxylon was 
present in the original coal. However, the actual 
amount of subanthraxylon was not determined. 

Although the subanthraxylon content of western 
coals is often small, it should be recognized that the 
amount can vary greatly in different deposits and 
in different layers of the same deposit. If much coal 
of high subanthraxylon content is concentrated in 
a sample studied as disoriented granules, a consid- 


erable proportion of subanthraxylon would not be. 


distinguishable from anthraxylon. The results thus 
would not be comparable with other studies. 

The distinction between oriented and disoriented 
coal evidently is important for consistent usage of 
terms, and its corollary, the consistent reporting of 
results. Terms that have textural implication should 
not be applied unless pertinent size limits can be 
determined. The terms vitrain and anthraxylon have 
size limits and, for this reason, their application 
should be restricted to oriented specimens of coal. 
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Macerals Components 
(|) Megascopic An. |, 
2 
(2) Attrital An. 6 
a 
VITRINITE 
o 
Resinite (6 )"Red’Resinous M. 
EXINITE (7-I1) Cereous Matter 2 
Sclerotinite|| (12) Fungal Matter a 
(13) “Dark” Brown Matter 
Micrinite (14-I5) GOp & AOp M. |= 
—?—|| (16) Fusinized Op. M. |£ 
(17)"Dark" Semi-fus. 
Fusinite (18) Attrital Fusain = 
(19) Megascopic Fus. 
(20) Pyritic Minerals 
MINERALS (21) Glayey Minerals 
(22) Other Minerals 
Routine High Resolution 
Microscopy Microscopy 


Fig. 4—Comparison of macerals with the list of components in 
coal. 


Vitrinite, which carries no size connotation, is a 
suitable term for use whenever implication is not 
related to texture, and it may have its greatest 
value for reporting composition of granular samples 
in which the orientation is random. 


Notes on Petrologic Procedures 


In general the writer finds the thin-section method 
of specimen preparation preferable for much the 
same reasons that transmission-absorption spectro- 
graphy is more useful than reflectance spectro- 
graphy. Color patterns involving differential absorp- 
tion and transmission of light by thin section seem 
to offer a more certain basis for identification of 
components than the largely monochrome figures 
observable from polished surfaces by reflected light. 
Rank of coal is also important in the choice of 
method. Some components can be identified by use 
of transmitted light in extremely thin sections of 
anthracite that contains 8 pct volatile matter, but 
it usually is difficult to prepare sections satisfactory 
for quantitative study if coal has a volatile content 
less than about 20 pct. However, Sprunk”™ studied 
several columns of Pocahontas coal, all of which 
had less than 20 pct volatile matter (moisture and 
ash free basis), by use of thin sections. The writer 
examined the same sections (Ref. 13, p. 215) several 
years later and can attest to their quality. Stach, 
nevertheless, has stated that coal with less than 30 
pet volatile matter cannot be ground thin enough 
to transmit light. No one questions the value of 
thin section methods of preparation in study of high 
volatile bituminous and all lower rank coal. The 
method yields excellent results when applied to 
the high moisture coals, since it demonstrates the 
natural condition of coal in the bed. Shrinkage and 
surface oxidation effects are hard to avoid if it is 
necessary to use the polished surface technique. 
High moisture lignites have to be dried and water- 
proofed to obtain polished surface preparations that 
are satisfactory. 

Polished surfaces alone may not be fully adequate 
for definitive resolution of components in high rank 
anthracite, but resolution can be improved by sur- 
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Fig. 5—Size standards used in quantitative definition of 
vitrain. See Refs. 2, 7, 8, 34-44. 


face etching techniques. The combination of polish- 
ing and etching technique is most appropriate for 
coal petrographic study above the coking range of 
rank. Most medium volatile and high volatile bitu- 
minous coal may be prepared equally well, so far 
as component definition is concerned, by the thin 
section or by polished surface technique. 

Ease of preparation frequently is given as an 
advantage of polished opaque preparations over thin 
sections. In the writer’s opinion this advantage fre- 
quently is overrated. It is not easy to prepare a 
plane surface of coal suitable for high resolution 
microscopy. Mediocre thin sections are often capable 
of yielding diagnostic information, whereas mediocre 
polished surfaces are more easily subject to mis- 
interpretation. A certain degree of lapidary artistry 
seems to be required to make high quality prepara- 
tions, whether the objective is a really plane un- 
scratched surface or a section uniformly thin enough 
to provide diagnostic information in all parts. 

Although color is of much help in microdeter- 
mination of components in thin sections, publication 
of color photomicrographs is usually not feasible, 
and thus most thin-section illustrations appear 
superficially similar to the natural monochrome il- 
lustrations of reflected light micrographs. Recently, 
however, Teichmuller published an excellent set of 
color illustrations from which the comparison is 
readily observed." A point of significance is that 
the tonal values of coal components as observed 
from polished surfaces and from thin sections are 
reversed. This can be most readily observed by 
reference to Table I. 
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The tone reversal by contrasting illumination 
would be of little consequence if resolution of de- 
tail were similar for all tonal values. The possi- 
bility of overestimating fusinized (opaque) mate- 
rials in thin sections has long been recognized. On 
the other hand, a thin section provides the only 
critical means for determining real opacity. A 
recent comparative study by Parks and Teich- 
miller, using both methods of illumination, suggests 
that the elements appearing darkest in tone by 
either method of illumination may be overevalu- 
ated.” The authors show that waxy components 
(exinites) are consistently determined in greater 
quantity by use of vertical illumination, and opaque 
materials are usually in greater quantity by trans- 
mitted illumination. An earlier study by Parks and 
O’Donnell indicates that opaque matter determina- 
tions from thin sections can at least be made with 
relative consistency.’ Absolute accuracy is, of 
course, difficult to define. Regardless of the method 
used, the experience of the petrologic microanalyst 
seems to play a larger part in the accurate deter- 
mination of materials of low tonal value than it 
does for the other components of coal. 

The point for emphasis is not that one technique 
of preparation or any particular method of illumina- 
tion is greatly superior for the micro-study of coal. 
The real emphasis must always be placed on optical 
definition and the recognition of diagnostic features. 
Any method of microscopy can yield fallacious re- 
sults if it is not properly applied and interpreted. 
Since the reflected light and transmitted light tech- 
niques show features of coal in a contrasting man- 
ner, it would seem desirable to check one method of 
study against the other as often as is necessary to 
insure general accuracy of results. Both methods of 
microscopy can be very effectively employed in coal 
petrology, and both are likely to become increasingly 
useful in the future. 

It has been mentioned that entity determination 
differs in coal petrology according to various sys- 
tematic procedures and that no two terms of differ- 
ent systems include the same quantitative range of 
components. These technical variations were not de- 
liberate but arose largely because investigators fol- 
lowed different procedures of measurement and used 
different equipment. There still are no generally 
acknowledged analytical standards in coal petrology. 
One popular analytic procedure requires an integrat- 
ing stage or an integrating ocular, either of which 
costs about $600.00, without the microscope to 
mount it on. Another procedure depends on the use 
of the Whipple disc, a graticule etched on glass, 
which costs $12.00. The Whipple disc, used by 
Thiessen in all his quantitative work, is conducive 
to a more specific written record of observations. 
Neither the Whipple disc nor the integrating devices 
have anything to do with the resolving power of the 
microscope and, given appropriate optics, system- 
atic observations of equal refinement may be made 
with both. The integrating devices are somewhat 
cumbersome to apply to more than six components. 
The Whipple disc is not limited in this respect, since 
representation of each component is noted sepa- 
rately irrespective of the number. 


The chief concern now and in the future is not so 
much with high resolution microscopy as with rou- 
tine procedures that can quickly provide results of 
practical consequence. For this reason operation of 
the Whipple disc procedure in routine determina- 
tions is outlined here. Whether it is used in con- 
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Junction with transmitted or reflected light micro- 
scopy or oriented or disoriented coal preparations, 
this procedure has much to recommend it as a prac- 
tical method. It has been applied most commonly to 


studies of oriented specimens thin enough for study 
with transmitted light. 


Table I. Comparative Appearance of Coal Entities by 
Transmitted and Vertical Illumination 


Observation by 
Transmitted 
Illumination 


Observation by 
Vertical 


Entities Illumination 


Organic Color of 


Thin Section 


Tone in Mono- 
chrome Illus- 
tration 


Tone of Polished 
Surfaces in 
Monochrome 
Illustration 


Vitrinized Shades of red* Moderately Grayish, mod- 
2 bright erately bright 
Fusinized Black (opaque) Very dark Very bright 
Waxy Shades of yellow Very bright Very dark 
Mineral 
Clayey Nearly white Very dark 
(microcrystal- 
line) 
Pyritic Crystallites White (specular) 
black (opaque 
Other 
Cracks and White (show- Black (no re- 
fissures ing cement) flectance) 
Black (no re- 
Surface Lighter in tone fiectance) 
scratches 


* Lignified tissue elements in lignite having more than 40 pct 
moisture tend to be orange or even yellowish; cellulosic derivatives 
show characteristic red coloration. 


Fig. 6, 1 illustrates the nature of the Whipple disc 
graticule with the terminology of squares, sub- 
squares, and counting row indicated. The disc is in- 
serted at the crossing point in the microscope eye- 
piece so that it appears in focus superimposed on any 
field viewed through the microscope. Dimensions 
of the field intercepted by the grid depend on the 
magnification of the lens system. For any combina- 
tion of objective and eyepiece lenses the dimension 
of squares and subsquares is calibrated by use of a 
stage micrometer, a glass slide with an accurate 
microscopic ruling on it (usually 10 » divisions). 

Standard calibration used for anthraxylon deter- 
mination requires magnification sufficient that one 
Whipple disc subsquare covers an area 14 » on a 
side. By itself this calibration is no insurance of 
adequate resolution, but in practice it works out 
very satisfactorily with the usual lenses and micro- 
scopes available from four or five leading manu- 
facturers. 

Bands of vitrinized composition must exceed 14 pu 
in thickness to be identified and counted as anthra- 
xylon, and the subsquare ruling serves as a conveni- 
ent texture gage. The amount of anthraxylon is 
counted in squares and decimals of squares accord- 
ing to area occupied in the counting row. 

The number of fields surveyed is recorded on a 
hand tally counter. The coal specimen is adjusted 
by means of the mechanical stage so that the Whip- 
ple disc appears to be successively moved, just like 
a yardstick, to cover a continuous path normal to the 
bedding across the specimen of coal as shown in 
Fig. 6, 2. During this transect operation the number 
of squares occupied by anthraxylon is accumulated 
mentally. At the end of the transect the total repre- 
sentation of anthraxylon-filled squares is recorded 
opposite the number of fields accumulated on the 
hand tally counter. The total area covered by the 
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ribbon transect is determinable from the number of 
fields, according to the calibration of the Whipple 
disc. The part of this area occupied by anthraxylon 
is determinable, since each square of anthraxylon is 
equal to one tenth of the area of the counting row 
for each field. 

This procedure for determining anthraxylon is 
both rapid and effective. For work of ordinary ac- 
curacy two such continuous transects are made 
across each coal section near opposite edges, with 
lateral oftsets if there are imperfections in the prep- 
aration, as illustrated in Fig. 6, 3. Additional tran- 
sects can be made if for any reason it appears that 
initial data are not adequate. The average value 
from multiple transects is accepted as a close ap- 
proximation of the amount of anthraxylon present in 
the specimen of coal. Percentage data can be calcu- 
lated for any unit of thickness desired, but these are 
usually not computed for units smaller than the coal 
represented on a thin section; frequently they are 
calculated for the thicker lithologic layers; some- 
times the percentage calculation is only carried out 
for the complete bed of coal. It is most convenient 
to record the data as thickness (= area) units, and 
to prepare percentage calculations as a final opera- 
tion in analysis. 

Only a single constituent is determined in any one 
transect operation. In routine procedure, however, 
both opaque attritus and petrologic fusain are com- 
bined in one determination and recorded as opaque 
matter. Opaque matter is identified without refer- 
ence to a size standard. An experienced analyst 
usually finds that lower magnification is desirable 
for the opaque transects than that used for deter- 
mination of anthraxylon. A higher magnification 
and greater resolution may be needed by analysts 
new to this estimation procedure. Parks and O’Don- 
nell have shown the relative accuracy that can be 
obtained by expert microscopists.’ Usually the 
amount of opaque matter is determined in the sec- 
ond transect operation on any individual preparation 
and the total number of fields and the number of 
squares occupied by opaque matter recorded as for 
anthraxylon. Any difference in magnification, with 
corresponding difference in size of squares and rib- 
bon transect area, must be specifically noted. 

Fusain is determined petrographically in a third 
transect operation in which a size standard again is 
employed. The subsquare calibration used by Thies- 


Ribbon 
_Transect Area 


Counting 
ROW 


“Counting 
Row 


|. WHIPPLE DISC 
| Area of Coal Third 


Thin Section 1 Field 


Cover Glass 


3. INDICATED PATH OF COMPLETE 
TRANSECT (constituent analysis) 


Area 


Fig. 6—Application of the Whipple disc to microanalysis of 
coal. 
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sen for fusain determination was between 38 and 
39 uw. Fusinized material in lenticles thinner than 
this was not identified as fusain. For this work a 
lower magnification (32 mm) objective was used 
which was not parfocal and required refocusing of 
the microscope. In recent work at the Coal Geology 
Laboratory a slightly higher power 25 mm objective 
has been used which is more nearly parfocal with 
other lenses on the microscopes. At this magnifica- 
tion the subsquare calibration equals about 30 p. A 
30 w size standard, rather than 39 yu, results in de- 
termination of slightly more fusain than would be 
determined by Thiessen’s procedure. The differ- 
ences, however, do not appear to be significant be- 
cause fusain lenticles between 30 and 39 w thick 
make up a very small proportion of the coal. 

It has been remarked that fusain is the only pet- 
rologic entity for which terminology agrees between 
the different systems. The writer considers this 
correspondence more apparent than real. Perhaps 
discrepancies have not been as evident because 
fusain forms a minor part of most coal deposits. The 
method of determination, however, influences quan- 
titative results for fusain just as it does for other 
ingredients or constituents. Fusain determined by 
the procedure outlined above, which includes both 
megascopic and attrital fusain, should be distin- 
guished as petrologic fusain. 

Opaque attritus is specifically determined by sub- 
tracting the amount of petrologic fusain from the 
amount of total opaque matter. Ordinarily no fur- 
ther differentiation of opaque attritus is attempted, 
but it is known to be composed of three fairly dis- 
tinct varieties of material: 1) granular opaque mat- 
ter," 2) fusinized opaque matter,” and 3) amorphous 
(solid) opaque and brown matter (Ref. 9, pp. 24-27). 
Fusinized opaque matter consists of cell wall frag- 
ments too small for determination as petrologic fu- 
sain (<30u). The brown matter referred to is that 
given as dark brown matter in Fig. 1. A more com- 
plete discussion of the relation of opaque matter and 
fusain has been given previously (Ref. 13, pp. 220- 

Translucent attritus is the most diversified and 
variable in composition of any of the coal constitu- 
ents. Except in high resolution microscopy, deter- 
mination of the components of translucent attritus is 
not attempted, the amount of translucent attritus 
(TAt) being determined by difference. Usually this 
is done in the final calculation in which the percent- 
age of anthraxylon (An) plus the percentage of 
Opaque matter (Op) is subtracted from 100 pct 
(TAt = 100 — [An + Op]). Sometimes it is more 
convenient to use constituent thicknesses as a basis 
for calculation instead of constituent percentages, 
resulting in an average thickness rather than a per- 
centage of translucent attritus. 

For commercial coals of normal low-ash content 
three transect operations generally provide adequate 
data for comparison. If much mineral matter is visi- 
ble, however, a separate transect operation is ad- 
visable for its direct determination. If mineral mat- 
ter is not directly determined it will contribute to 
the total translucent attritus. 

All data obtained by this system of transect analy- 
sis are presented in terms of area (proportional to 
volume). Owing to the substantial difference in 
density of mineral components and organic constitu- 
ents, a relatively small mineral area can contribute 
significantly in terms of weight percent. If visible 
mineral matter is directly determined it can be 
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grouped with the other visible impurities in a coal 
bed and amounts of the four petrologic constituents 
discussed above can be recalculated on a visually 
pure basis. 

General properties of the four organic constitu- 
ents determined by this method are summarized in 
Table II. 


Future Applications of Coal Petrology 

Petrologic procedures are capable of almost in- 
finite variation and are adaptable to many purposes. 
The routine procedures can provide a standard basis 
for comparison, but because of their general applica- 
tion they are often not the most appropriate for 
solving particular problems. Some possibilities of 
different procedures are indicated below: 


1) Megascopic evaluation of the petrologic fea- 
tures in coal outcrop, mine, or stockpile. 


2) Study of the lithologic composition and tex- 
ture using the stereoscopic binocular or ore dressing 
microscope. 


3) Study of lithologic entities in granular coal 
samples using the stereoscopic binocular micro- 
scope. 


4) Study of briquetted coal powder samples 
using polished surface procedures with incident or 
vertical reflected light. 


5) Study of briquetted coal powder samples 
using thin section procedure with transmitted light. 


6) Study of oriented sections according to stand- 
ard Whipple disc or integrating procedures, using 
reflected or transmitted illumination, or both. 


7) High resolution microscopy (determination 
of components) using plane or polarized light, oil 
immersion, and either transmitted or reflected illu- 
mination (polished thin sections). 


8) Quantitative reflectance determinations (Be- 
rek microphotometer ). 


9) Microhardness studies of components in ori- 
ented specimens. 


10) Electron microscopy of selected coal com- 
ponents. 


Usually these petrologic procedures are of great- 
est significance when they can be combined with 
other methods of analysis or testing. Correlation of 
petrologie results with test results indicates the re- 
lationship of petrologic entities with their behavior 
under experimental conditions. Thiessen and Sprunk 
showed, for example, that during carbonization the 
first changes appeared in anthraxylon.” Careful 
consideration must be devoted to effective sampling, 
commonly a most critical part of the procedure. The 
nature of samples will serve to determine whether 
methods appropriate for oriented or for disoriented 
coal should be used. 

Specific micro-reflectance tests” in which, essen- 
tially, index of refraction is measured for entities no 
more than a few microns in diameter, have been of 
much theoretical interest in recent years. These rel- 
atively precise studies provide the most convincing 
demonstration of the physical and chemical hetero- 
geneity of the microstructure of coal and serve to 
confirm and supplement other kinds of petrologic 
observations. Microhardness tests can be made sim- 
ilarly specific (but not necessarily as precise) for a 
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Metamorphic 


Table Il. Characteristics of Coal Constituents 


Relatively Reactive Coal Constituents 


Relatively Inert Coal Constituents 


Anthraxylon 


Translucent Attritus 


Opaque Attritus 


Fusain 


Properties of anthraxy- 
lon vary according to stage 
of metamorphism (rank). 


In coal of bituminous 
rank anthraxylon is mate- 
rial to which swelling and 
agglutinating properties 


Properties of translucent 
attritus vary a little less 
than anthraxylon (accord- 
ing to content of waxy 
matter) in coals of lower 
rank (>25 pct volatile 
matter) ; they probably are 
similar to anthraxylon in 
coals of higher rank. 

In coals of high volatile 
bituminous rank translu- 
cent attritus contributes 
moderately to swelling and 


ona are principally due. agglutinating properties, 
Agclatinating depending on the concen- 
tration of subanthraxylon 
and humic matter. In low 
volatile bituminous coal it 
probably contributes to a 
greater extent. 
is highly All components of trans- 
n more sus- ucent attri 1 
Reactivity ceptible to oxidation than 
other components of low 
and medium rank coal. 
Y Anthraxylon can be en- Translucent attritus can 
; tirely liquified by hydro- be entirely liquified by 
Hydrogenation genation in coals of low hydrogenation in coal of 
and medium rank. low and medium rank. 
Anthraxylon yields a Translucent attritus 
moderate to large amount yields more gas than an- 
of gas on carbonization. thraxylon on _  carboniza- 


Tendency to 


Megascopiec anthraxylon 
(vitrain) is moderately fri- 
able and can generally be 
concentrated by prepara- 
tion procedures that sep- 
arate a low to medium 


tion, depending on concen- 
tration of waxy matter. 


Ordinarily translucent 
attritus cannot be separ- 
ated as a pure constituent 
from common banded coal. 
It may be a dominant con- 
stituent of certain types 


Segregate gravity fraction. It tends of bright luster attrital 
to be more abundant in coal that can be separately 
natural coal screenings. concentrated. 

% Anthraxylon is generally In many coals translu- 

lowest in ash content of cent attritus is associated 

ne any separable constituent. with higher inherent ash 
Ss 


content than anthraxylon 
and a somewhat lower ash 
content than opaque attri- 
tus. 


Properties of opaque at- 
tritus probably show slight 
variation according to 
stage of metamorphism. 


Probably opaque attritus 
contributes little or noth- 
ing to swelling or aggluti- 
nating properties. 


Opaque attritus is rela- 
tively inert to oxidation— 
much more than translu- 
cent attritus and possibly 
somewhat less than fusain. 


Opaque attritus contrib- 
utes materially to the non- 
liquified residue on hydro- 
genation. 

The lower volatile con- 
tent of coals with large 
amounts of opaque attritus 
suggests that little gas is 
yielded on carbonization. 


Opaque attritus cannot 
be separated as a pure 
constituent. It may be 
present in relatively high 
concentrations and materi- 
ally contribute to the 
toughness and dull lustre 
of attrital coal. It may be 
concentrated in association 
with some translucent ma- 
terials. 


In many coals, opaque 
attritus is associated with 
a somewhat higher inher- 
ent ash content than trans- 
lucent attritus. 


Properties of fusain 
show little variation de- 
pending on stage of meta- 
morphism. 


Fusain does not contrib- 
ute to swelling or aggluti- 
nating properties, although 
in low or even moderate 
concentrations it may add 
some strength to coke as 
an inert material, provided 
that other constituents 
have sufficient agglutinat- 
ing power. 


Fusain is highly inert 
and least reactive of any 
coal constituent to oxida- 
tion. 


Fusain cannot be liqui- 
fied appreciably by hydro- 
genation. 


Fusain yields a negligi- 
ble amount of gas on car- 
bonization. Due to its low 
content of volatile matter, 
fusain may be used to en- 
hance the smokeless qual- 
ity of briquetted fuel. 


Megascopic fusain is ex- 
tremely friable and easily 
separated. Attrital fusain 
is not separable in appre- 
ciable amounts. 


Fusain is extremely va- 
riable in its association 
with mineral matter. Min- 
eralized fusain is classed 
as refuse. 


better appreciation of the physical character of the 
components. The electron microscope can have a 
similar application to coal petrography. 

The most important principle in application of 
coal petrology involves dynamic appreciation of the 
heterogeneity of coal. From its original synthesis as 
organic substances in living plants to its final trans- 
formation to CO, and water, the materials of coal 
are subject to change, and changes take place at 
varying rates for different components. This is just 
as true of the response of components to metamor- 
phic alteration as it is of responses during the vari- 
ous industrial processes. The relatively reactive and 
relatively inert components of coal differ from each 
other most in their rate of change during both ge- 
ologic processes and chemical utilization. 

Geologic Applications: For most geologic purposes 
variation in texture and composition relative to po- 
sition in the coal bed are important. Oriented speci- 
mens are the basis for these studies. The common 
method of presenting results for geologic purposes is 
the coal bed petrographic profile, such as those used 
by Thiessen (see Refs. 2 and 9). Although identifi- 
cation of plant microfossils complements certain ob- 
jectives of coal petrology it is not considered here 
because plant microfossils are properly studied as 
one of several complementary branches of paleon- 
tology of coal measures. The following list suggests 
the variety of petrologic applications that have par- 
ticular reference to geology: 
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1) The kinds of plant parts, such as bark, wood, 
and roots, contributing to coal deposits. 


2) Paleoecologic conditions of plant growth af- 
fecting deposition of coal beds. 


3) Microbiology of organic accumulations and 
its relationship to diagenetic processes that have 
affected particular deposits. 


4) The post-diagenetic history of coal deposits 
which may yield indications of maximum overbur- 
den, tangential pressure, and temperature. 


5) Mineral association, including paragenesis 
and type of mineralization, and the effective geologic 
causes of mineralization. 


6) Correlation of types of coal with concentra- 
tions of minor elements and explanation of minor 
element anomalies. 


7) Texture of coal layers and its uniformity or 
range of variation in particular deposits. 


8) Trends of variation in ingredient composition. 


9) Trends of variation caused by tectonism— 
principally rank—and evaluation of chemical anal- 
yses as geologic indicators of metamorphism. 


10) Correlation of coal beds and correlation of 
benches or layers within coal beds. 
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Fig. 7—Map of vitrain distribution (bands > '%2 mm), 
Herrin (No. 6) coal bed, southern Illinois. 


11) Coal type, its relation to rank, and grade 
classification. 


12) Variations in coal as an indication of suit- 
ability of coal deposits for utilization. 


Geologic interest in coal involves several aspects 
of coal origin. For more than a hundred years the 
origin of coal was controversial,” and a tendency 
existed to dogmatically explain the origin of all 
coal deposits according to one narrow view or an- 
other. A more sound and liberal attitude was later 
expressed by White.” ” It is evident now that coal 
deposits differ greatly in their manner of formation 
and that the causes for these differences are deter- 
minable and have an influence on utilization of the 
coal. These causes also have bearing on regional 
geologic interpretation of coal measures. Owing to 
its origin from plant materials, coal is very sensitive 
to pressure and temperature. Plant products in a 
peat deposit begin to undergo metamorphic altera- 
tion when they are sufficiently consolidated to form 
coal. 

It is generally agreed that coal having much thick 
vitrain has been accumulated in swampy wooded 
morasses where the organic material grew essen- 
tially in place. Some attrital coal is derived from 
rootlets that are in their place of growth, but other 
attrital material consists of small particles carried 
from a distance. In general, the finer and more uni- 
form coal is in texture, the more likely it is to in- 
clude transported materials.” Nonbanded coals, 
which have been defined as having less than 5 pct 
anthraxylon,’ usually are composed entirely of trans- 
ported material. The bulk of the organic particles 
in nonbanded coals are all less than 14 p» thick. This 
degree of size sorting indicates that the organic ma- 
terials were pond accumulated from transported 
fragments. 

The abundance of any one petrologic entity in coal 
can be mapped if data can be collected from a suffi- 
cient number of coal sections. This is best illus- 
trated by the vitrain map published by McCabe in 
1936 covering much of the southern Illinois coal 
field, Fig. 7. It is interesting to note that the loca- 
tion of the column of coal from the new Orient mine 
at West Frankfort, which was determined to have an 
exceptionally high anthraxylon content (70 pct’) is 
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at the point of greatest vitrain concentration found 
by McCabe. Mines in this area provide the Illinois 
coal used for blending to make metallurgical coke.” 
The vitrain and anthraxylon relationship probably 
is significant. 

There are so many ramifications of coal petrology 
which can be combined with general or specific ge- 
ogolic studies that not all can be discussed. Texture 
trends can be mapped and may have implication as 
to the original area of coal occurrence and coal ba- 
sins. These trends also are significant economically, 
as they indicate a range of physical features affect- 
ing potential utilization of the coal. 

A geological consideration also important for min- 
ing is correlation of coal beds. Wagner was able to 
establish evidence for bed correlation in the western 
middle anthracite field of Pennsylvania by deter- 
mining the profile distribution of combined vitrain 
and bright luster attrital coal.” Hacquebard™ and 
Maurenbrecher™ have made extensive studies of the 
distribution of ingredients in coal beds in Holland 
for purposes of detailed correlation. More recently 
Hacquebard has extended these studies to the coal 
fields of Nova Scotia.” 


Mining Applications: A number of petrologic ap- 
plications have been set down that may be of special 
interest in mining and beneficiation of coal. Some of 
these items overlap those previously listed pertain- 
ing to geology, and some might be included equally 
well under technologic applications. Perhaps the 
significant conclusion is that coal petrologic informa- 
tion, once obtained, can be applied for several pur- 
poses. While the occasion for a particular study may 
have a narrowly defined purpose, other useful in- 
formation is likely to be developed without much 
additional work: 


1) Coal type, as signified by natural associations 
of components; most effectively studied by means 
of oriented specimens (O). 


2) Impurities, including their nature and occur- 
rence, and their relation to mining and washing 
plant operations; most effectively studied by means 
of both oriented and disoriented coal preparations 
(O, and D). 


3) Kinds and amounts of coal components asso- 
ciated with mine and washery refuse; O, and D. 


4) Continuity of coal bed layers in the mine 
area; O. 


5) Crushing strength, hardness, and friability of 
petrologic types of coal; O, and D. 


6) Density characteristics of coal types and asso- 
ciated impurities; O, and D. 


7) Relation of ingredients and macerals to the 
cleat system and its influence on mining and prepa- 
ration of coal; O, and D. 


8) Normal amount of maceral segregation occur- 
ring in mining and preparation of coal; D. 


9) Normal amount of maceral segregation oc- 
curring in loading and shipment of coal; D. 


10) Effect of different mining and preparation 
methods on maceral segregation; D. 


11) Composition of coal fractions having special 
utilization properties; D. 


12) Associations of minor elements with coal 


_ constituents and macerals; O, and D. 
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13) Composition of coal to determine feasibility 
of selective mining; O. 


14) Kinds of macerals and associated materials 


that might be recovered from mine and washery 
refuse; D. 


15) Coal characteristics that affect relative value 
of mining property. It will be understood that in 
evaluation of a mining property all pertinent in- 
formation should be taken into account. Even in the 
absence of test data complementing petrographic in- 


formation, petrology is useful in placing a relative 
evaluation on coal. 


The effects of segregation have been emphasized 
in this list of possible applications of coal petrology 
to mining. Segregation, or selective concentration, 
is largely the result of physical differences in coal 
ingredients. Important physical differences of in- 
gredients are a result of differences in jointing 
(cleating) and differences in texture. Fine texture 
limits segregation because of the more intimate as- 
sociation of heterogeneous elements in the coal. In 
general, the effect of cleating supplements physical 
differences between coal ingredients with regard to 
segregation. Cleating is most evident and most 
closely spaced in vitrain and is nearly as pronounced 
in attrital coal with high anthraxylon content. Cleat 
is more poorly developed in dull luster attrital coal, 
and it does not extend across bands or lenses of 
fusain. Segregation is not as pronounced in a coal, 
such as lignite, in which cleat is absent. 

Coal beds vary in tendencies toward segregation 
of ingredients. Segregation tendencies may be more 
or less individual for each mine area; relatively uni- 
form tendencies of segregation may extend through 
a series of mines; or segregation may follow sys- 
tematic trends as previously suggested in discussion 
of geologic applications. 

Appropriate mining practices can either promote 
or inhibit effects of segregation but, in ordinary 
processes of mining and preparing coal, selective 
concentrations and physical losses of coal ingredi- 
ents occur. The petrologic composition of coal as it 
exists in the bed usually changes as the coal passes 
to the tipple and through the preparation plant. 
Thus prepared sizes of coal differ from each other in 
petrologic composition and from the coal as it exists 
undisturbed in its original occurrence. Unfortu- 
nately specific information usually is lacking con- 
cerning the magnitude of these changes, and often 
it cannot be stated whether they are insignificant or, 
under certain circumstances, may become very im- 
portant. 

Although natural petrologic variations in coal are 
likely to be gradational, slight changes in composi- 
tion, owing to segregation or any other cause, may 
have a large effect in certain complex industrial ap- 
plications. In carbonization, for example, the agglu- 
tinating or swelling fraction of the coal (principally 
the anthraxylon) will stand dilution by inert or- 
ganic matter and impurities without noteworthy 
loss of strength up to a certain saturation point. In 
fact, within the permissible range, addition of inert 
materials may increase the bulk strength of coke, 
as in some of the splinty Appalachian coals. If the 
saturation point is exceeded, however, owing to re- 
duced amount of the agglutinating constituent, a 
disproportionate change in coke strength occurs. If 
free burning is of greater interest than coking 
properties, the concentration of agglutinating mate- 
rials can cause a striking reverse effect. 


TRANSACTIONS AIME 


The properties of anthraxylon that are related to 
carbonization depend on rank to a considerable de- 
gree, as noted in Table II. As rank varies, effects of 
anthraxylon concentration also vary, and these ef- 
fects cannot be generalized from one coal field to an- 
other; they may not even hold uniformly through 
one coal district. However, for coal from a specific 
mine the properties related to anthraxylon concen- 
tration can be determined. This information has 
value for operators supplying coal to the coking in- 
dustry; it is equally valuable for industrial users 
whenever coking properties are important. 

Lack of American case history information limits 
specific discussion of mining applications. Kihlwein 
and Hoffman,” who discuss petrologic applications 
to the German coal industry, cite numerous works 
dealing with mining and utilization of German coals. 
A promising petrologic method utilizing the particle- 
count procedure suitable for study of disoriented 
samples of coal has been developed by Parks” but 
has not been applied extensively enough for a full 
demonstration of its value in distinguishing varia- 
tions in commercial coal. 

There is little question that the mining applica- 
tions of coal petrology will continue to be developed 
in the future. Most of the present information about 
variation in coal is based on chemical analyses hav- 
ing a very indirect relationship to the physical com- 
position of coal as revealed by coal petrology. 
Knowledge of the petrologic composition of coal, 
as it is customarily prepared for shipment, is largely 
lacking, so that it is difficult to evaluate the effects 
of segregation in practice. Knowledge of composi- 
tion and texture of coal in the bed provides, of 
course, an indication of the likelihood that segrega- 
tion effects will be important in that coal bed. As 
such indications will probably be inadequate for 
future needs, it will be necessary to study carefully 
taken samples, using procedures appropriate to the 
study of disoriented coal, such as those of Parks or 
of German coal petrographers. 


Technologic Applications 


Possible technologic applications for coal petrology 
are many and varied. The list below is not compre- 
hensive and these items should only be taken’ as 
suggestions. Some of these applications involve 
petrologic determination of: 


1) Characteristics of the ideal coal for an indus- 
trial use. 


2) Characteristics of prepared coals available for 
use by an established industry. 


3) Segregation tendencies in normal shipments 
of coal. 


4) Segregation tendencies in preparation proc- 
esses at an established plant. 


5) Characteristics of segregated fractions of the 
coals that are accessible for use. 


6) Behavior of components in combustion, car- 
bonization, hydrogenation, etc. 


7) Characteristics of acceptable coal mixtures 
and maintenance of uniformity in blended coal. 


8) Factors influencing improved 
through modification of blends. 


operation 


9) Contribution of particular components to fly 
ash and coal refuse. 
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10) Associations of components with minor ele- 
ments that might be usefully recovered. 


11) Distribution of binder in briquettes. 


12) Characteristics of coke and of changes affect- 
ing coal components during carbonization. 


13) Specific surface properties of coal ingredi- 
ents. 


14) Nature and occurrence of minerals in coal, 
including their relation to slag and clinker forma- 
tion. 


Nearly all the possible technologie applications 
of coal petrology depend on effective study of dis- 
oriented samples. Such samples are, in fact, segre- 
gates from the natural textural varieties and types 
of coal. The basic objective in preparing coal for 
an industrial use is to minimize effects of the natural 
heterogeneity of coal so that a uniform heterogeneity 
is achieved for plant operation. Some processes and 
some types of coal-using equipment are more toler- 
ant of variation in composition than others. Some 
combustion plants are supposed to be insensitive to 
the kinds of coal burned; this may be entirely true 
so far as the actual combustion process is concerned. 
The physical condition of the coal, however, always 
is a matter of cost consideration, and proper equip- 
ment must be provided for handling it. Since the 
petrologic composition and the nature of impurities 
govern the physical condition of delivered coal, in- 
formation about these characteristics contributes to 
efficient operation. 

Considerable study may be worthwhile for the 
purpose of defining the coal of optimum character 
for use with a certain type of equipment or for a 
particular process. Usually the practical selection 
of coal is limited, but it is still pertinent to consider 
how fractions of available coals might best be com- 
bined for optimum results. 

From a petrologic standpoint, many coals in indus- 
trial use are poorly characterized. Chemical analytic 
data are available, but these fail to cover important 
physical properties. It is entirely possible to obtain 
very similar chemical results from coal mixtures of 
different petrologic character that have different 
physical and different utilization properties. Al- 
though the chemical analyses of ingredients differ 
(Ref. 6, p. 291), chemical data are difficult to inter- 
pret in relation to petrologic composition. Petrologic 
and physical composition cannot be reconstructed 
on the basis of chemical data alone. Volatile matter, 
fixed carbon, and ash are not substances actually 
present in coal. Definite information about entities 
that have a physical existence will aid in explaining 
how processes are acting on and reacting with the 
coal. 

Some of the most important studies of the effects 
of coal petrology on industrial processes have been 
directed toward carbonization and hydrogenation 
uses. In this country Sprunk’s studies in particular 
have been illuminating.” In recent years outstand- 
ing contributions to the German steel industry have 
been derived from the control of coal for carboniza- 
tion blending at the laboratory headed by Mackowsky 
in Essen. The recent monograph on microscopical 
evaluation of coke by Abramski and Mackowsky is 
of outstanding value.” Even the study of fly ash and 
atmospheric polution problems relate to the petrol- 
ogy of coal used in industrial processes as shown by 
Mackowsky in a substantial article on the micro- 
scopy of fly ash.” Since many industrial users con- 
sume coal in such quantity that any minor improve- 
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ment in operational efficiency results in a substantial 
saving, these possible applications of coal petrology 
should be worthy of consideration. 


Conclusion 


This article has indicated differences between 
entities commonly treated in coal petrology. The 
distinction between the terms vitrain, anthraxylon, 
and vitrinite has been emphasized. These terms 
apply to material that is similar in composition, but 
the terms vitrain and anthraxylon apply to bands 
having definite size limits and should be restricted 
to oriented specimens where measurements per- 
pendicular to the bands can be made. Bands in dis- 
oriented coal cannot be accurately measured because 
of lack of orientation; the term vitrinite is recom- 
mended for disoriented specimens. The Whipple disc 
procedure has been discussed and compared with 
other procedures to illustrate the latitude of methods 
that can be employed for particular purposes. Prin- 
cipal emphasis in detailed coal petrology must be 
on the critical resolution of components that differ 
in composition and texture. 

Procedures and applications of coal petrology that 
can be used for geological, mining, and industrial 
purposes have been discussed. Requirements of coal 
petrology in these fields differ greatly. Whereas 
geologic applications depend almost exclusively on 
study of oriented coal specimens, industrial appli- 
cations depend largely on analysis of disoriented 
samples of coal. 

The relations of texture and orientation to petro- 
logic composition should receive more attention in 
the future. At present some fairly stabilized pro- 
cedures are available for expressing the petrologic 
composition of oriented and disoriented coal sam- 
ples, but there are no generally acknowledged stand- 
ards for petrologic analysis of coal. Reference 
standards for analysis of both types of material are 
desirable; the terminology of coal petrology will be 
difficult to interpret until such standards are estab- 
lished. 

In view of their potential value in defining and 
solving practical problems, petrologic studies will 
probably be extended. Coal is an indispensable raw 
material for the expanding carbo-chemical indus- 
tries. Petrologic studies can assist in outlining usable 
coal reserves, in blending coal for carbonization, 
and in study of metallurgical coke. No other method 
serves to determine the amount of relatively re- 
active materials in coal that can be liquified in 
hydrogenation. Coking and free-burning qualities 
of coal are related to petrologic composition, and in 
recent years interest in composition of coal ash and 
association of coal with minor amounts of scarce 
metallic elements has been increasing. Reserves of 
proved value that are established in industrial uses 
are being depleted, and coal of somewhat different 
character is now being developed for these uses. The 
coal industry is in a transitional period in which 
competitive efficiency is necessary. Coal petrology 
is likely to find wider application in the immediate 
future, since it contributes to more efficient use of 
the nation’s ample reserves of excellent coal. 
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Ultrasonic Desliming and Upgrading of Ores 


Experiments show that ores such as tungsten and tin, which 
slime excessively, can be deslimed and upgraded by ultra- 
sonics. The method proposed depends primarily upon the 
stratifying and peptizing action caused when high frequency 
sound waves are propagated upward through ore pulp in a 
cylinder tube. Stratitying and peptizing are somewhat hin- 
dered by the accumulating action, which embodies additional 
effects of reflection and refraction. 
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LTRASONICS can be used to deslime and up- 
grade ores, such as tungsten and tin, which slime 
excessively with high losses of value in the tailing 
and are difficult to deslime with conventional meth- 
ods. Experimental work has been performed with 
a test-tube size ultrasonic classifier. Larger equip- 


JUNE 1956, MINING ENGINEERING—639 


> 
2) 
T 


| 
QUARTZ 
2- RUTILE 
3— PYRITE 
4- SCHEELITE 


ie) 


2) 


ELEVATION OF MINERAL PARTICLES, CM, 


PARTICLE SIZE, MICRONS. 


200 


Fig. 1—Effect of particle size on the ultrasonic elevation of 
mineral particles in water, tested in a glass tube of 2.43 cm 
ID and with an acoustical pressure of 3.8 x 10° dynes per 
cm’ below the bottom of the glass tube. 


ment and further testing would be necessary to 
ascertain the applicability and economics of this 
method. 

When high frequency sound waves are propagated 
upward through the bottom of a cylindrical tube 
containing an ore pulp, the mineral particles are 
subjected to the peptizing action of cavitation, to 
the stratifying action of the progressive waves, and 
also to the accumulating action of the standing 
waves. All actions originate from the radiation pres- 
sure” * of the sound waves. The accumulating action, 
however, embodies additional effects of reflection 
and refraction. The proposed method of ultrasonic 
desliming depends primarily upon the stratifying 
and peptizing actions and is somewhat hindered by 
the accumulating action. 

The data of Figs. 1 to 3 indicate that in a vertical 
pulp column the stratifying action of ultrasonic 
waves is capable of keeping the fine-light particles 
at the top, the coarse-heavy particles on the bottom, 
and the coarse-light and fine-heavy particles in the 
middle. The slime or the fine-light particles in the 


upper strata can now be swept off by the radial flow 
of the wash water, and the remainder of the par- 
ticles in the lower strata can be removed by a vac- 
uum system, as shown in Figs. 5a and 5b. 

This scheme of desliming is further aided by the 
peptizing action of the ultrasonic waves. During the 
investigation it was found that ultrasonic waves 
were able to dislodge the adhering soft gangue par- 
ticles from mineral surfaces and to disintegrate the 
soft particles into fine sizes. This increased the 
amount of soft gangue materials in the upper strata 
for subsequent removal. The phenomenon of peptiz- 
ing action is not new. Gaines* demonstrated that 
ultrasonic waves are effective in polishing and erod- 
ing surfaces of metallic nickel and glass. Sollener* 
reported that solids of moderate cohesion, such as 
gypsum, steatite, hematite, sulfur, graphite, asbestos, 
glass fiber, and gel-like precipitates, can be peptized 
into semicolloidal and colloidal sizes in water by 
ultrasonics. 

The accumulating action of the stationary waves 
is tentatively considered slightly harmful to deslim- 
ing. In a series of tests it was observed that accumu- 
lation of mineral particles at the nodes or antinodes, 
a phenomenon similar to Kundt’s dust figures,* was 
highly pronounced only at high but not at low sonic 
energies. Coagulation of mineral particles, which 
usually accompanies accumulation,** was minimized 
partly by use of dispersing agents in conjunction 
with high pulp dilutions, partly by the vehement 
movement of the liquid, and partly by the peptizing 
action of progressive waves. Compared with the 
important role played by the stratifying and peptiz- 
ing actions, the influence exerted by accumulating 
action on desliming is insignificant. 

Ultrasonic Stratification of Mineral Particles in 
Water: The peptizing® * and accumulating™ actions 
of ultrasonics have often been studied and need no 
explanations. In contrast, the stratifying action is 
new and had to be experimentally ascertained. Be- 
fore each test was started, a glass tube 120 cm long 
was filled with water to the 75-cm mark. Then 0.1 
to 0.3 g of mineral particles were added and allowed 
to settle tu the bottom. The bottom of the glass tube 
was placed 7 cm above the bowl surface of a hyper- 
sonic transducer and subjected to a predetermined 
magnitude of acoustical pressure. At the end of 3 
min, the elevation or the vertical distance between 
the bottom of the glass tube and the position of the 
highest rising particles was measured. This was 


Table |. Reclamation of Wolframite from the —200 Mesh Slime Tailing of a Molybdenum Ore by Ultrasonic 


Desliming and Upgrading* 


Mill Refuse 
(—200 Mesh) 


Product (Underflow) 


Stage of Amount Length Removal 
Ultrasonic —400 of of Acoustical —400 WOsin WOs of —400 
Desliming Mesh Pulp Wash Glass Pressure** Grade Mesh Over- Recov- Mesh 

Test and Weight, Slime, Dilu- Water, Tube 10° x Dynes Weight, WOs, Slime, flow, ery, Slime, 
No. Upgrading G Pet tion cc CM Per CM? Pet Pet Pet Pet Pet Pet 

39 Feed 16.6 38.6 100.0 1.45 38.6 100.0 0.0 

Rougher 16.6 38.6 9 800 8.4 2.5 4.8 25.26 0.0 0.25 $3.5 100.0 

40 Feed 11.0 41.5 100.0 1.17 41.5 100.0 0.0 

Rougher 11.0 41.5 10 300 3 4.56 67.3 1.64 14.4 .20 94.4 78.8 

Clean 7.4 13.1 10 250 18.3 4.56 30.1 3.52 0.0 0.12 90.6 100.0 

Reclean 3.3 0.0 10 100 5 4.56 8.5 11.89 0.0 0.23 86.3 100.0 


* The slime tailing contains quartz, microcline, topaz, wolframite, pyrite, molybdenite, molybdite, fluorite, mica, sphalerite, chalcopyrite, 


galena, and monazite. 


** Acoustical pressure measured immediately below the bottom of the glass tube. 


640—MINING ENGINEERING, JUNE 1956 


TRANSACTIONS AIME 


50 
O- QUARTZ 
= - TOPAZ 
4 RUTILE 
4-PYRITE — 
—SCHEELITE 
= 0 - GALENA 
ae 
& 30 
| 
¢ 
a 
uJ 
z 
= 20 3 
& 
2 
10 
< I- 65x100 MESH 
2-20x 28 MESH 
uJ 
O 2 4 6 8 


DENSITY OF MINERAL 


Fig. 2—Effect of density of mineral particles on their ultra- 
sonic elevation in water, tested in a glass tube of 2.43 cm 
ID and with an acoustical pressure of 3.8 x 10° dynes per 
cm’ below the bottom of the glass tube. 


only an approximation, because of the oscillation of 
the particles. In another series of tests, the attenua- 
tion” of ultrasonic waves in water was measured 
with a ceramic probe microphone” and a Hewlett 
Packard vacuum tube voltmeter. 

Rationalization of the experimental data, as shown 
in Figs. 1 to 4, has been obtained by contending 
that ultrasonic stratification is controlled by the 
balance between upward and downward forces act- 
ing on the different mineral particles in the vertical 
pulp column. The upward forces, consisting chiefly 
of radiation pressure”’* and partly of acoustical 
streaming,” “ increase directly with the intensity 
of the incident sound waves. Owing to the attenua- 
tion of sound waves in the pulp, the upward forces 
are dampened from bottom to top. The downward 
forces, consisting chiefly of gravity and partly of 
fluid resistance, increase with an increase in the 
density and/or size of the particle. Elevation of any 
particle occurs only when the sum of the upward 
forces is larger than that of the downward forces 
and continues until these two sets of forces reach 
an equilibrium. For any given sound source, the 
equilibrium elevation of the fine-light particles is 
higher than that of the coarse-heavy particles, there- 
by producing stratification. 

Mathematically, the motion of an ultrasonically 
irradiated mineral sphere in water can be roughly 
expressed by Newton’s second law of motion as: 


—Fe= ma [1] 


in which F,, F,, and F, are, respectively, the force 
of elevation, gravity, and resistance; m is the mass 
of the mineral sphere; a is the upward acceleration; 
each is expressed in CGS units. Eq. 1 indicates that 
the sphere is ascending when F, — (F, + F,) > 0, 
or F, > (F, + F,). The greater the difference be- 
tween F, and (F, + F,) the greater the upward 
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acceleration of the sphere. Eq. 1 can be written in 
detail as: 


dar? 
4 dv 2] 
— = 
dt 


Terminal velocity can be obtained by putting dv/dt 
= 0, whence, 


= oF + 
9u We 2 


rg | [3] 


in which r, A, and v are, respectively, the radius, 
density, and velocity of the sphere; A’ and uw are, 
respectively, density and viscosity of water; g is the 
gravitational acceleration; k, and k, are, respectively, 
the correction factor for the pressure of radiation 
and streaming; I and V, are, respectively, the in- 
tensity and velocity of the incident sound waves; 
and V, is the velocity of the streaming water. Eqs. 
2 and 3 show that, for any given sound source, the 
upward acceleration and terminal velocity of a 
sphere increases with a decrease in its density 
and/or size. 

When the sphere is not moving, or under equi- 
librium condition, then F, and a of Eq. 1 are both 
equal to zero, and Eq. 2 reduces Eq. 4. 
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Fig. 3—Effects of acoustical pressure and glass-tube diam- 
eter on the elevation of 35x48 mesh pyrite particles, tested 
with a hypersonic transducer of 400 ke per sec sound fre- 
quency. 
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Fig. 4—Attenuation of acoustical pressures in vertical water 
columns contained in glass tubes of different diameters. 
Gap between bottom of glass tube and bowl surface of hyper- 
sonic transducer, 7.0 cm; length of tube, 25 cm; acoustical 
intensity at bowl surface, 3.5 x 10° dynes per cm’; sound 
frequency, 400 kc per sec. 


in which p is the acoustical pressure. On the basis 
of Fig. 4, the diminution of acoustical pressure with 
distance can be generally expressed as: 


p =a -+ —ce™ 


[5] 


in which z is the distance up from the bottom of 
tube; a is the pressure at the inflection point of the 
curve plotted on cartesian coordinates, occurring 
only when the sonic reflection at the upper surface 
of water becomes important; k and 1 are constants 
that determine the slope of the curve; b and c are 
constants; and e is the Napierian base of logarithms. 
The term be™“’ represents the decrease of pressure 
with distance in the straight line portion of the 
semilog plot, as shown in Fig. 4. The term ce’ rep- 
resents the curved portion of the plot, as caused by 
the sonic reflection at the upper surface of water; 
and factors a, b, c, k, and 1 all depend on the 
geometry of the tube. Eqs. 4 and 5 show that the 
rising sphere sooner or later must stop, because of 
the gradual diminution of the upward forces, and 


that the equilibrium elevation increases not only 
with a decrease in the density and/or size of the 
sphere, but also with an increase in the incident 
sound intensity. 

The above equations do not pretend to absolute 
accuracy but are sufficient to show the underlying 
causes of the experimental phenomena. For exam- 
ple, Figs. 1 and 2 show that when the upward forces 
are held constant the fine-light particles are ele- 
vated higher than the coarse-heavy ones. According 
to the above equations, the higher equilibrium 
elevation of the fine-light particles is attributed to 
their larger difference between upward and down- 
ward forces. Under such conditions, stratification 
can take place on the basis of the density and/or the 
size of the particles. Fig. 3 shows that when the 
downward forces are held constant the elevation of 
35x48 mesh pyrite particles occurs only when the 
upward forces are appreciable; it becomes more 
pronounced as the upward forces are increased. In 
accordance with the above equations, the difference 
between opposite forces and consequently the equl- 
librium elevation of any given particle increase 
directly with its upward forces. Fig. 3 also shows 
that, within a certain limit, the pyrite particles rise 
higher in a tube of smaller diameter than in the 
same length tube of larger diameter. This is because 
roughly the same power is channeled into both 
tubes, and hence the sound intensity, which is equal 
to power divided by area, is greater in the narrower 
tube. 

Fig. 4 shows that the incident sound waves are 
gradually attenuated in their passage from bottom 
to top through a tube of water. Some of the reasons 
for attenuation are viscosity and heat conduction. 
This implies that, under suitable conditions, the up- 
ward forces at the bottom of the tube are just suffi- 
cient to elevate the fine-light but not the coarse- 
heavy particles all the way up the pulp column. At 
the top, the forces are weak and capable of prevent- 
ing only the fine-light but not the coarse-heavy 
particles from descending. Such a condition is de- 
sirable for desliming and can be easily created by 
adjusting the sound intensity and/or the height of 
pulp column. 


Apparatus and Procedure: Fig. 5 shows that the 
ultrasonic classifier used for intermittent desliming 
consists of a 400-ke hypersonic transducer, A and J; 
a feed preparing and regulating system, B-D; and 
a classifying system, E-H. The intermittent classifier 
can be converted into a continuous one by the addi- 
tion of a vacuum system for evacuation of underflow. 


Table II, Ultrasonic Desliming and Upgrading of Two Scheelite Ores 


Solid Feed Product (Underflow) 

Stage of Amount Length Removal 
Ultrasonic Parti- —400 of of Acoustical —400 WOsin WO; of —400 
Desliming cle Mesh Pulp Wash Glass Pressure Grade Mesh Over- Recov- Mesh 

Test and Size, Weight, Slime, Dilu- Water, Tube 106x Dynes Weight, W0Os, Slime, Flow, ery, Slime, 
No. Upgrading Mes G Pet tion CC Cc Per CM2 Pet Pct Pet Pct Pet Pet 
20 Ore No. 1* —270 19.5 64.9 100.0 3.61 100.0 0.0 
Rougher —270 19.5 64.9 6 400 8.4 3.06 38.0 8.98 7.6 0.32 94.5 95.8 
20A Ore No. la* —270 19.8 64.9 100.0 3.62 100.0 0.0 
Rougher —270 19.8 64.9 6 400 8.4 0.8 63.9 5.27 45.6 0.69 92.9 56.0 
44 Ore No. 2** —150 9.3 27.4 100.0 T.27 100.0 0.0 
Rougher —150 9.3 27.4 15 250 23.0 1.62 80.6 8.97 9.9 0.18 99.5 71.0 
Clean —150 7.5 9.9 15 200 18.3 2.98 68.9 10.36 0.0 0.86 98.2 100.0 


* Ore No. 1 contains scheelite, calcite, fluorite, quartz, and clayey materials. 
** Ore No. 2 contains scheelite, quartz, epidote, actinolite, limonite, and clayey materials. 
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Ultrasonic desliming was tested in the intermit- 
tent classifier by the following steps: 1) preparing 
the ore pulp to be tested in the graduated flask, C, 
ot Fig. 5; 2) filling the glass tube, F', with water; 
3) connecting the water inlet, KE, to a water faucet 
by rubber tubing; 4) turning on the hypersonic 
generator, A and J; 5) opening the stopcock ot tne 
graduated flask and allowing the prepared ore pulp 
to flow into the glass tube, F, through the funnel 
tube, D; and 6) collecting both the overflow and 
underflow for subsequent drying, weighing, analyz- 
ing, and sizing. Except where otherwise stated, the 
ore pulp of each test was prepared by agitating a 
mixture of 10 to 12 g dry ore, 0.4 lb per T sodium 
silicate, and 450 ce water in the graduated flask for 
20 min. The feeding rate of pulp and water was 
set at approximately 0.5 and 0.1 ce per sec respec- 
tively. Throughout the test the feed was kept in 
constant agitation. 


Desliming and Upgrading: The validity of the pro- 
posed ultrasonic method for desliming and upgrad- 
ing of ores and tailings was checked by reclamation 
ot wolframite from the —200 mesh shme tailing of 
a molybdenum ore. This slime tailing, containing 
1 to 1.5 pet WO, and 38 to 42 pct otf —400 mesh 
material, is the overflow of the hydraulic classifiers 
of a milling plant and has plagued investigators 
interested in reclaiming the tungsten. The test re- 
sults, as given in Table I, indicate that the ultra- 
sonic method can be used effectively to solve this 
problem. For example, test 39 shows that, under 
suitable conditions, a one-step desliming is sufficient 
to remove all fine slime particles from the tailing, 
resulting in a product of 25 pet WO, and 83 pct 
tungsten recovery. Test 40 shows that when the 
glass tube used is unduly long the desliming and 
upgrading have to be performed with more steps 
and stronger sound intensity. The tungsten content 
of the deslimed product could be further increased 
by flotation. 

The ultrasonic method was also tried on the de- 
sliming and upgrading of two scheelite ores and 
proved to be satisfactory. Comparison of tests 20 
and 20A, Table II, shows that an optimum acoustical 
pressure is absolutely necessary for efficient deslim- 
ing and upgrading. Test 44 shows that the slime 
particles of a high grade tungsten ore can be totally 
removed with very little loss of scheelite. 

The ultrasonic method was still further checked 
by testing the slime tailing of a Chinese tin ore. This 
slime tailing, containing 0.978 pct tin and 95 pct of 
—400 mesh material, is the combined overflow of 
the hydraulic classifiers and cones of the Kochiu 
mill” at Yunnan, China, and has been a plant waste 
for more than 200 years. Most of the fine slime 
particles come from the naturally accosiated clayey 
materials of the ore while the remainder are the 
result of overgrinding. Test results, as plotted in 
Fig. 6, show that the ultrasonic method is fairly 
effective in desliming and upgrading this tailing. 
This is exemplified by the fact that using a tube 
23 cm long and applying an acoustical pressure of 
2.4 x 10° dynes per cm’* beneath the tube will re- 
move 82 pct of the —400 mesh slime, giving a de- 
slimed product of 3.2 pct tin with a 76 pct tin 
recovery. As a result of ultrasonic desliming, this 
previously nonfloatable tailing becomes a workable 
flotation feed. In addition, Fig. 6 shows that the 
tube 8.4 cm long gives the highest grade of product 
but at the sacrifice of tin recovery. The reverse is 
true for the tube 51.5 cm long. The optimum acous- 


TRANSACTIONS AIME 


b> 


. Hypersonic generator 
. Stirrer 

. Graduated flask 

. Funnel tube 

. Water inlet 


Fig. 5a—Ultrasonic classifier used for intermittent desliming 
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Fig. 5b—Ultrasonic classifier used for continuous desliming. 
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Fig. 6 (left)—Ultrasonic desliming and upgrading of Kochiu 
tin ore tailings, which contain 0.978 pct tin and 95 pct 
—400 mesh slime. Solid sample, 10 to 12 g; pulp dilution, 
50:1; wash water, 100 cc; gap between bowl and tube, 7.0 
cm; and sound frequency, 400 kc per sec. 


tical pressures for desliming were moderate in 
magnitude for all the tubes tested. 

For comparison, the two slime tailings were also 
tested with a home-made sullivan deck,” a labora- 
tory cyclone, and a four-column hindered settling 
classifier." The experimental data, not presented, 
showed that the above conventional methods were 
less effective than the ultrasonic method for deslim- 
ing and upgrading these particular slime tailings. 
The slime particles, because of their extremely fine 
sizes, were difficult to remove by the conventional 
equipment without excessive loss of the valuable 
particles. This difficulty was considerably reduced 
chiefly by the ability of the ultrasonic waves to 
disperse the aggregates of valuable and clayey mate- 
rials and to clean the surface of the values, result- 
ing in a larger quantity of better flotation feed. An 
additional advantage of the ultrasonic method is 
that the acoustical forces are subject to easy and 
accurate control over a continuous range of magni- 
tude. 

Summary 


1) An ultrasonic method is proposed to deslime 
and upgrade ores and slime tailings of fine particle 
sizes. Although the test results on tungsten and tin 
samples are promising, it is realized that tests should 
be made with larger equipment before the appli- 
cability of this method can be ascertained. 

2) The ultrasonic stratification of mineral par- 
ticles in water is experimentally verified. 
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Cananea’s Program 


for 


eaching Place 


by Robert C. Weed 


EACHING in place at Cananea began in the 1920’s 

on a limited scale. The first plants were smalJl 
wooden boxes located underground in the Capote 
and Oversight mines, and output was low. Scrap 
iron was used as precipitant. Later several other 
small plants were started up. Leaching was limited 
entirely to underground areas, and production re- 
mained low. 

The Veta precipitating plant, the first on a larger 
scale, was put into operation in the late 1920’s. After 
a period of intermittent service it was rebuilt in 1946 
and has since been running continuously. 

In 1943 work on the Colorada open pit was started. 
This produced 40 million tons of waste, which aver- 
aged 0.20 pct copper. When these dumps had aged 
a few years it was decided to leach them on a large 
scale, and after considerable research and investiga- 
tion a leaching system of pumps and pipelines was 


R. C. WEED, Member AIME, is General Superintendent at 
Cananea Consolidated Copper Co., Cananea, Sonora, Mexico. 
TP 4251B. Manuscript, Jan. 10, 1956. New York Meeting, Febru- 


ary 1956. 
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laid out and installed. At the same time the Ron- 
quillo precipitation plant was built to treat the cop- 
per solutions from the pit dumps. This plant started 
operation in March 1953. 

Leaching areas consist of the Colorada pit dumps 
and various mined out and caved underground 
stopes. The principal mineral, chalcocite, leaches 
readily in a weak sulfuric acid solution containing 
ferric iron. Enough pyrite is contained in the areas 
to produce an acid-ferric iron solution strong enough 
to dissolve the copper. 

Each area is studied to determine the best method 
of distributing the water over it and the best method 
of collecting the copper-bearing solutions after leach- 
ing has taken place. Water is generally distributed 
by means of ponds, ditches, and sprays. Spraying 
has proved the best method of spreading the water 
evenly; however, in a dry climate some water is lost 
through evaporation. 

After passing through the leachable material the 
solution is collected underground by dams and bulk- 
heads and on surface by dams. An effort is made to 
give the maximum storage capacity practicable. 
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Fig. 1—The surface leaching system at Cananea. 


For relatively low pressure (below 150 psi) trans- 
ite pipe is used. For higher pressures iron pipe lined 
with wood or rubber is necessary. To facilitate re- 
pairs and replacements, pipelines are installed along 
roads or trails. Each line is equipped with a Y or a 
lateral to permit the insertion of a go-devil for 
cleaning. Periodic cleanings are necessary to elimi- 
nate build-up of iron ochre inside the pipes. 

Pumps are mostly of the horizontal centrifugal 
type, installed wherever possible with a positive 
feed. Gages on pump discharge lines indicate the 
head the pump is working against, which can be 
used to calculate the pump capacity, and also show 
when the pipelines need cleaning. Nearly all pumps 
are equipped with automatic start-stop controls. 
Stainless steel equipment is necessary throughout. 

Underground Leaching and Veta Plant: Water for 
underground leaching is obtained from present min- 
ing and from drainage of old mines. Roughly 400 
gpm are used. Most of this water is pumped to sur- 
face, where it is sprayed over the top of the Colorada 
cave. From there it percolates down through the 
mined out sections of the Colorada mine and is col- 
lected behind a bulkhead on the Colorada 1300 level. 
It is then pumped to the 500 level tunnel, through 
which it flows to the Veta plant. Smaller amounts of 
water are being used to leach limited areas in the 
Veta, Oversight, and Republica mines. This solution 
also goes to the Veta plant. 

As mentioned before, the Veta precipitating plant 
was rebuilt in 1946. Because there were shortages of 
cement and reinforcing iron at that time, it was de- 
cided to make the cells of wood. The plant now con- 
sists of 64 cells 4% ft wide by 10 ft long by 5 ft 
high and 3 cells 9 ft wide by 16 ft long by 5 ft high. 
(The latter are for use of scrap iron as a precipi- 
tant.) Wooden grids with openings %x%4 in. are 
placed horizontally in the cells 3 ft below the top to 
form a rack for the cans. 
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After the cell has been charged with burned, 
shredded cans, the solution is introduced and is 
directed up and down through the layer of cans by 
means of baffles. The water usually passes through 
a pair of cells. When the bulk of the can charge has 
been consumed, the cell is drained and the copper 1s 
washed through the grid with high pressure water. 
It flows as a sludge out of spigots near the bottom of 
the cell and down a launder into three large settling 
tanks with inclined bottoms. The bulk of the water 
is decanted from the first tank to the second, etc., 
and the cement copper mud is scraped up the incline 
with a 54-in. hoe-type slusher bucket. It is then 
loaded into trucks to be hauled to the concentrator 
and sluiced into the concentrate thickeners. Cans for 
the Veta plant are hauled from railroad bins by 
truck and stockpiled at the plant area. Later they 
are loaded with a rocker shovel into side dump tram 
cars, which are used in charging the cells. 

Surface Leaching and Ronquillo Plant: Water for 
leaching the pit dumps is obtained from the old con- 
centrator tailings pond, which collects tailings water 
from the Ronquillo precipitation plant and a consid- 
erable amount of water from the Democrata drain- 
age area. This pond has a surface area of about 75 
acres and an average depth of 60 ft. Because the 
water is acid and contains some ferric iron it makes 
a good leaching agent. Water is pumped from this 
pond to the Veta pump house at the rate of 1600 
gpm. At this point it is joined by the Veta plant 
tailings, and the mixture is pumped directly to the 
Colorada pit dumps where it is distributed by means 
of ponds. Below the dumps the water is impounded 
in one of two collecting dams across the mouths of 
two deep gulches underlying the dumps. If the grade 
of the solution is too low, it is pumped to the top for 
a second pass. This solution is caught in the other 
collecting dam, drained to the main dam, and 
pumped to the Ronquillo plant, as shown in Fig. 1. 
After passing through the plant the tailings water is 
pumped back to the old concentrator tailings pond, 
thus closing the circuit. Excess iron precipitates out 
in the pond, probably as basic ferric salts, and the 
total iron content in leaching water remains about 
the same. : 

Table I presents a typical analysis of water in 
various parts of the circuit. 


Table I. Analysis of Water in Circuit 


Place Cu, Gpl Gpl Fett+, Gpl pH 
Old concentrator pond 0.40 9.25 2.00 2.7 
Veta plant heads 3.10 1.25 2.10 2.5 
Veta plant tails 0.20 6.25 1.00 2.9 
On dumps 0.35 7.10 1.80 2.7 
Ronquillo heads 3.30 3.00 7.40 2.3 
Ronquillo tails 0.25 14.00 1.50 2.9 


The Ronquillo plant was constructed in 1952 after 
a study of a number of operating precipitation plants 
had been made. Influencing factors in the basic de- 
sign were flexibility of operation, ease of materials 
handling, and availability of two overhead cranes, 
which could be adapted for charging cans into the 
cells. 

The head water passes through a weir box with a 
recording meter and is distributed to the cells 
through a 12-in. pipe. This pipe has a number of 
takeoffs, each equipped with a valve, so that the 
solution can be controlled both as to location and 
volume of imput to the cells. 
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There are two sections containing ten cell pairs 
each. These sections are high on the outside ends and 
slope toward each other, meeting in the center of the 
plant. Solution can be introduced into the upper cell 
and can be taken out as tailings from the lower cell 
of any pair. This arrangement gives the plant flexi- 
bility and makes it possible to adjust for variations 
in volume and grade of head water. Usual practice 
is to operate three or four cell pairs as a unit. When 
a pair of cells is removed for washing, the water is 
carried from the pair above to the pair below by 
means of a bypass pipe. 

The cells themselves are 40 ft long by 5 ft wide 
and slope from 4 ft deep at the back end to 6 ft deep 
at the front. The bottom slopes from the sides toward 
a center gutter that runs lengthwise. Stainless steel 
woven wire screens of 5g-in. mesh are placed 3 ft 
down from the top to form a platform for the cans. 

As shown in Fig. 2, cells are operated in pairs. 
The solution enters the front end of the upper cell, 
runs the length of it, crosses over a weir-like depres- 
sion in the separating wall to the back end of the 
lower cells, runs the length of the lower cell, and 
crosses at the front into the upper cell of the next 
pair. 

Cans are dropped from bottom-dump gondolas on 
a railroad trestle above the plant onto an inclined 
wooden slide, which carries them into a storage area 
under a craneway, Fig. 3, straddling the plant. They 
are charged into the cells by magnets operated from 
two overhead cranes. The crane and magnet combi- 
nation is also used to help clean accumulated debris 
out of the cells. 

Copper, washed through the grids by high pres- 
sure water, then flows down the gutter in the center 
of the cell and into a launder, which carries it to a 
stainless steel revolving trommel with 1%-in. holes. 
Bits of iron, rags, and rocks carrying occluded cop- 
per are removed and shipped to the smelter. This 
coarse product contains 10 to 12 pct copper. The 
screened copper flows into four settling tanks, each 
10 ft wide by 40 ft deep. The head halves of the tanks 
have sloping bottoms and truck loading facilities, in 
case it is ever necessary to scrape the copper into 
trucks for direct shipment to the smelter. The pur- 
pose of these tanks is twofold: 1) to provide ade- 
quate storage for plant production and 2) to help 
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Fig. 3—A section of 
the Ronquillo plant. 
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Fig. 2—Plan view of the Ronquillo plant cells. 


remove, by decantation, as much iron in solution as 
possible. This soluble iron, if excessive, causes 
trouble in concentrate filtering. Overflow water from 
the tanks is returned to the plant cells, since a cer- 
tain amount of copper is carried with it. 

From the settling tanks the cement copper is 
washed into turbo-mixers that condition the pulp. 
It is then pumped as a slurry, varying from 5 to 15 
pet solids, to a launder that carries it by gravity to 
the concentrate thickeners. Duplicate sets of two 
4-in. rubber-lined pumps, each in series, are used to 
overcome a 170-ft total head. A velocity of 6 fps 
must be maintained in the 4-in. line to keep the cop- 
per in suspension. Lines are equipped with drains 
that are opened as soon as pumping stops. Solids in 
the slurry average 75 pct copper. 

At the thickeners the cement copper from both 
plants mixes intimately with the concentrate. This 
prevents oxidation of the copper and reduces losses 
at the smeiter, since the necessary sulfur is closely 
associated with the cement copper particles. 

Conclusion: Open pit mining continues to make 
available large tonnages of copper-bearing waste, 
which is dumped in areas where is can later be 
leached. In mining underground (blasthole stoping) 
large pillars of lower grade material are left that 
slough eventually into the mined out stopes. Wher- 
ever it can be accomplished caving is induced to fill 
stopes with material from above. These caves often 
go to surface, which makes systematic washing pos- 
sible and obtains some leaching from rain water. 

During the past five years production of precipi- 
tate copper has gradually increased from 300,000 lb 
to as high as 1.6 million lb per month. Expansion of 
facilities is now taking place which should raise the 
output to 2 million lb per month. At the present rate 
of pit and underground mining, this output should 
be maintained for many years to come. 


Discussion of this paper sent (2 copies) to AIME by Sept. 30, 1956, 
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Raw Materials Preparation The 


Brandon Plant, 


byw. Colm 


LTHOUGH the main constituents of Portland 
cement are the oxides of calcium, silicon, alu- 
minum, and iron, characteristics of the cement are 
seriously affected by such contaminants in the raw 
materials as magnesium, phosphorus, sodium, potas- 
sium, sulfur, and others of lesser importance. 
Sources of cement raw materials comprise a long 
list of minerals occurring in nature in various de- 
grees of purity. The calcareous raw materials are 
generally limestone of purity varying from calcite 
to cement rock (a low-grade limestone of natural, 
almost correct chemical composition), chalk, marl, 
seashells, coral, and coral sand. The argillaceous 
raw materials supplying silicon, aluminum, and 


iron are mainly various forms of clay and shale, to 


which may be added silicious sand, iron ore, baux- 
ite, or kaolin for minor adjustment of the chemical 
composition. 

The quality of Portland cement in this country, 
as in most parts of the world, is controlled by rigid 
specifications limiting both its chemical and physical 
characteristics, and cement manufacturers must 
comply with these specifications to market their 
products. 

Brandon Raw Materials: An unusual deposit of 
marl, limestone, and clay occurs 12 miles east of 
Jackson, Miss., near the village of Brandon. The 
deposit is of sedimentary origin and of relatively 
young geological age. Layers of marl vary from 
putty-like consistency to such hardness that it can 
be cut with a knife. Interspersed between the layers 
of marl are bands of limestone varying from very 
soft to hard, the compressive strength of the hardest 
layers exceeding 15,000 lb per sq in. The layers of 
marl range in thickness from a few inches to about 
25 ft. The limestone bands seldom exceed 2 to 3 ft 
but often occur in thinner veins in the quarry face. 

Above the top layer of the deposit, which may be 
marl or limestone, a layer of clay ranges in thick- 
ness from a few inches to more than 20 ft. Part 
of this clay is harvested with the raw material to 
supply part of the argillaceous components, but 
most of it is stripped as overburden and wasted. A 
highly silicious clay of extreme fineness, harvested 
from the bottom of the quarry below the marl and 
limestone bands, is to correct the silica content. 

Fig. 1 shows typical examples of the interrelation 
of the various materials, based on drill logs obtained 
during exploration of the deposit. 

The marls vary in moisture content in the bank 
from 15 to 30 pct and contain up to 70 pct —200 


J. C. HOLM, Member AIME, formerly Director of Engineering, 
Marquette Cement Mfg. Co., Chicago, is now Consulting Engineer, 
Evanston, III. 

TP 4241H. Manuscript, Feb. 10, 1955. Chicago Meeting, Febru- 
ary 1955. 
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Fig. 1—Interrelation of various materials is shown by typical 
drill logs. 


mesh particles and up to 40 pct —10 » particles. A 
large percentage of the fine fraction is within the 
colloidal range, making the marl extremely sticky. 

The limestone beds range in hardness from that 
of the hardest marl to a medium hard limestone and 
in moisture content from 2 pct to approximately 
14 pet. The line of demarcation is often difficult to 
draw and the moisture content is possibly the best 
means of classification. The ratio of soft to hard 
material is not constant throughout the deposit, but 
the average is approximately 70 pct soft to 30 pct 
hard material. 

Through the years this deposit had been repeat- 
edly explored by cement companies and rejected as 
unsuitable for cement manufacture, mainly because 
of physical characteristics. In 1950, after careful 
exploration of the deposit and comprehensive lab- 
oratory and pilot plant tests of the raw materials, 
officials of Marquette Cement Mfg. Co. of Chicago 
were convinced that a practical and economical 
method of processing the raw materials had been 
devised and authorized construction of a new plant 
that began production in December 1951. 

Marl and limestone, common raw materials for 
Portland cement, usually occur in such a manner 
that they can be worked separately. Their harvest- 
ing and processing normally have presented no dif- 
ficult problems, as standard equipment and methods 
are available for handling either sticky or hard 
materials. No other cement plant utilizes a deposit 
of the nature of that at Brandon, however, and for 


_ this reason no prior art was available for design. 


When properly blended, the raw materials pro- 
duced an excellent cement without additives. 

Basic problems to be solved in designing the ce- 
ment plant were: 


TRANSACTIONS AIME 


gas 
370 
= 


Die design a primary crusher that would 
handle the mixture of sticky marl and harder lime- 
stone without choking. 


2) To develop a layout and the necessary ma- 
chinery to separate the hard, nonwashable raw 
materials from the washable soft marls and clay, so 
that the hard portion could be further reduced to 
mill feed size on conventional machinery, and to 
homogenize the softer parts, which vary consider- 
ably in chemical composition. 


3) To be able to wash and separate, Fig. 2, with 
the minimum amount of water, as excess water 
would have to be evaporated in the kiln at the ex- 
pense of fuel. It was evident beforehand that the 
water content of the kiln slurry would be higher 
than normally encountered in the cement industry, 
due to the large percentage of colloidal particles 
present in the marl. 

After considerable research and test work, the 
flowsheet, Fig. 3, was developed and a new type of 
primary crusher and a continuous wash mill of 
radical new design evolved. 

Flowsheet: The deposit is drilled with a Joy Mfg. 
Co. auger drill with air removal of the drill product. 
Holes are charged lightly, using decking through 
the soft bands. Broken material is loaded into 12- 
yd dump trucks, with side discharge using one 2-cu 
yd and one 3-cu yd shovel; hauled to the crushing 
plant; and dumped into the feed hopper for the 
primary crusher. The crusher is fed by a 72-in. 
heavy duty pan feeder. 

Preliminary tests with a single roll crusher of 
standard design indicated that this type of crusher 
with some radical new features would handle the 
material. A 30x70-in. single roll crusher with 
movable breaker plate was developed, the links of 
which are equipped with teeth engaging between 
the teeth of the roll, as shown in Fig. 4. 

Preliminary tests had proved that large slabs of 
hard marl or of limestone, which occur unavoid- 
ably in economical harvesting of the deposit, would 
merely come to rest on top of the roll and thus com- 


pletely stop the feed to the crusher. The purpose of 
the movable breaker plate with its teeth is to tip 
these slabs on end and bring them down into the 
crushing chamber. By giving the teeth of the 
breaker plate a linear speed different from the peri- 
pheral speed of the teeth of the roll, it is possible to 
keep both roll and breaker plate clean even when 
very sticky material is being crushed. 

The crusher, powered by a 200-hp motor, is easily 
producing its rated capacity of 300 tph when set to 
produce a —8-in. product. The principle of the crusher 
was developed by Marquette Cement Mfg. Co. and 
the crusher was designed and built by the Penn- 
sylvania Crusher Co. 

The crusher product is conveyed to the feed bin 
ahead of the wash mill by an inclined 42-in. belt 
conveyor. To prevent the sticky material from 
building up in the hopper under the crusher, one 
live smooth roll is installed on each side of the 
crusher discharge opening with the shafts parallel 
to the belt. Rolls are power driven and rotate in op- 
posite directions towards the center of the belt, thus 
folding the crusher discharge onto the center of the 
belt. To keep them clean, they are equipped with 
scrapers, which have proved very successful. In 
fact, the output of the crushing plant drops to almost 
half when the rolls are out of order, and two or 
three men are then engaged continuously in clean- 
ing the discharge hopper in spite of the fact that 
the sides of the hopper are almost vertical. The belt 
conveyor is equipped with water sprays and belt 
scrapers at the head pulley. 

Washing and Separation: The feed bin ahead of 
the wash mill is designed with vertical ends and 
very steep sides on which fine water sprays play. A 
pan feeder extracts the material from the bottom of 
the hopper and discharges it into the feed spout of 
the wash mill. A dripple hopper with a ribbon con- 
veyor at the bottom collects all sticky material that 
falls from the return strand of the pan conveyor and 
feeds it to the wash mill. 

The horizontal continuous wash mill, consisting 
of a horizontal rotating cylinder equipped with lift- 
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Fig. 2—The crushing and washing plant at Brandon. 
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Index of Plant Flowsheet, Facing Page 
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Fig. 3—Plant 


flow diagram. 
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Fig. 4—Longitudinal section of wash mill. 


ers or blades, has often been used, in the past, for 
separating sticky clay from rock and, in a cement 
plant in Sweden, for separating small amounts of 
flint from chalk. All these mills were designed as 
concurrent mills, operating in such a way that the 
raw material and water are added to the same end 
of the mill and the washable and nonwashable frac- 
tions discharged together at the opposite end. Actual 
separation and washing are done by vibrating screens 
or grizzlys with high pressure water sprays. 

Clean limestone is necessary to obtain a chemi- 
cally uniform product and to make it possible to 
crush the stone immediately after washing. The 
washable fraction of the material at Brandon at 
times amounts to nearly 75 pct of the total dis- 
charge. It was proved by tests that if a conventional 
wash mill were used under these conditions, a large 
volume of spray water would be needed, which 
would increase the water content of the kiln slurry 
excessively. 

After considerable design work, the present writer 
conceived the counter current double discharge wash 
mill, Fig. 4, which differs from the standard mill in 
the following features: 

The washable fraction is discharged from grates 
located around the feed inlet of the mill, while 
the nonwashable stone is propelled to the opposite 
end and scooped out of the center discharge open- 
ing. In addition, wash water is added to the mill at 
the end where the stone is discharged, forcing the 
hard fraction to pass in counter current through 
progressively cleaner water before being scooped 
out of the mill, while the water has to travel through 
the entire length to be discharged with the washable 
fraction. At times, when soft marl predominates in 
the feed, a small percentage of the water is added 
at the feed to prevent the 12-in. wide slots of the 
discharge screen from choking up. 

Heavy manganese flights or lifters installed in the 
mill shell may be individually arranged to propel 
the material away from or towards the feed end. At 
the Brandon plant a pattern has been developed 
which gives the best average results. 

The mill is 114% ft diam by 26 ft long and driven 
at 26 rpm by a 600-hp synchronous motor through 
a speed reducer, which connects to a pinion engag- 
ing the master gear located at the center of the mill. 
The mill is supported on two slide shoe bearings, a 
type of support required for the design of the inlet 
end described above because standard trunnion bear- 
ings could not be used. This type of support also 
results in a vibrationless operation with extremely 
low maintenance cost. 

A slide shoe support consists of a highly polished 
supporting ring of rectangular cross section bolted 
to the mill shell and resting on two shoes lined with 
babbitt, the surface of which is so formed that it 
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does not damage the oil film on the supporting ring. 
One slide shoe support is fixed and equipped with 
a small horizontal slide shoe bearing located on each 
side of the ring to absorb horizontal thrust. The 
other support floats on steel rollers to allow for 
variations in the length of the mill shell. 

The mill was constructed by F. L. Smidth & Co. 
of New York and has operated successfully since it 
was started. The wash mill is used in the installa- 
tion as shown in Figs. 2 and 4. 

The stone is discharged from the mill onto a 5x10- 
ft horizontal vibrating screen equipped with high 
pressure water spray nozzles, which are often not 
in use. The primary crusher is set at 8 in. to pro- 
duce stones large enough to act as grinding media 
on the softer materials and to assist in bringing 
them into suspension with the water. 

The stone drops directly from the screen into a 


‘Pennsylvania impactor from which a scissors belt 


elevates the crushed stone to two 4x6-ft Symons 
screens equipped with %-in. openings and working 
in closed circuit with the crusher. The fines from 
the screen are discharged into the crane storage by 
two short high speed kicker belts. 

It may be of interest to mention that the wash 
mill is producing stone so clean that a slight dust 
nuisance prevails around the crusher installation. 

The washable fraction is discharged from the end 
grates around the mill inlet into a 30-in. ribbon 
conveyor and, together with the fines from the 
vibrating screen, is fed to a 48-in. duplex Aikens 
classifier. The classifier extracts the large quantity 
of broken limestone, contained in the raw material 
or produced in the wash mill, that is small enough 
to pass through the discharge screen. Underflow 
from the classifier is pumped to a 4x5-ft Utah vibrat- 
ing screen equipped with 16-mesh screen. 

Sand from the classifier is fed together with a 
fraction of the underflow to an 8-ft 6-in. by 10-ft 
8-in., 300-hp ball mill, in closed circuit with another 
4x5-ft Utah screen with 16-mesh screen cloth. Fines 
from both screens are discharged into a large tank 
from which the marl is pumped to the four homo- 
genizing and storage basins. The fineness of the marl 
ship obtained by this entire operation is such that 
it all passes a 16-mesh screen with 60 to 65 pct pass- 
ing 200 mesh and 50 to 55 pct passing 325 mesh. 
Moisture content is 55 to 65 pet. 

The marl slip is pumped to four 55-in. diam cir- 
cular slurry basins 20 ft deep, equipped with Dorr 
agitators, which homogenize the slurry efficiently, 
as no evidence of stratification has been found. Tank 
capacity is 34% days full kiln output. Normally, one 
of the basins is reserved for high silica marl slip 
produced in the same way and harvested separately 
from the bottom of the quarry. 

Control of Kiln Feed Slurry: Two conventional 
raw materials are produced—crushed limestone in 
the crane storage and mar] slip in the tanks. Com- 
bining these two materials as feed to an 8x30-ft, 
two-compartment, 700-hp mill produces a slurry of 
45 to 46 pct moisture. The slurry is pumped to six 
blending tanks from which the kiln feed is prepared, 
based on chemical analyses and using methods for 
proportioning that are well established in wet process 
cement plants. 

The rest of the plant is essentially conventional in 
design and operating procedures. 


Discussion of this paper sent (2 copies) to AIME before Sept. 30, 
1956, will appear in Minine Encineerine and in AIME Transactions, 
Vol. 205, 1956. 
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Tailing Disposal 


The Morenci Concentrator 


W ITH capacity of 51,000 tpd, the Morenci con- 
centrator produces approximately 49,000 tons 
of tailing for final deposition. Disposal involves dis- 
tribution of thickened tailing to dams in such a 
manner that solids can be used for dam construction 
and water can be impounded for reclamation. Dur- 
ing early operation, although tonnage treated was 
lower, it was necessary to use orthodox disposal 
practices in the areas available for tailing. Trestles 
mounted on a series of dams, constructed of borrow 
material, carried the pipelines from which tailing 
were spigoted behind the dams. When adequate dis- 
posal areas were finally established, it became de- 
sirable to look for more efficient methods. 

The idea of placing the distribution pipe or mani- 
fold directly on the crest of the dam was advanced 
in 1945. After a period of testing, that procedure in 
modified form replaced the older trestle arrange- 
ment. Marked economies resulted, and time re- 
quired to prepare dams for succeeding storage cycles 
was greatly reduced. 

The tailing disposal area for the Morenci concen- 
trator lies south and southwest of the concentrator 
building. Ample storage space is available. A wide 
valley contains three sharply defined ravines lying 
on an average slope of 4 pct. The more central of 


P. F. ALLEN, Member AIME, is Concentrator Metallurgist with 
Phelps Dodge Corp., Morenci, Ariz. 

TP 4233B. Manuscript, March 22, 1956. New York Meeting, Feb- 
ruary 1956. 


TRANSACTIONS AIME 


by P. F. Allen 


these ravines, and the largest of the three, is known 
as Morenci canyon, which provides substantially 
more tailing storage area than the other two. Stargo 
canyon lies to the west; the other is appropriately 
named East canyon. Total area of the tailing dis- 
posal site is nearly 344 sq miles, or about 2000 acres. 
The storage area in use was somewhat more than 
850 acres at the end of 1954, or 16 acres per 1000 
tons of tailing to be stored daily. At the present time 
none of the east side dams are in regular use but 
they are available in emergency. There are five 
dams on the west side (in Morenci and Stargo can- 
yons) as well as two auxiliary dams adjacent to No. 
4 West and No. 5 West. This has made it possible to 
concentrate men and equipment in a smaller area 
with consequent savings in both manpower and 
machinery. 


Tailing Thickening: Tailing from the flotation 
process reaches the thickeners with a solid content 
of about 18 pct. The launder carrying this pulp is 
subdivided at a central point into seven launders 
carrying a proportional share to each of seven tail- 
ing thickeners, which are located in Morenci canyon 
close to the concentrator. Five of these thickeners 
are 300 ft diam and two are 325 ft diam. Thickeners 
are of the peripheral traction type and rakes travel 
at the rate of one revolution in 37 to 39 min. The 
entire installation provides 500,000 sq ft of settling 
area, or approximately 10% sq ft per ton of tailing 
to be thickened daily. 
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Sizing analysis of composite tailing for 1954: 


On 65 mesh 9.6 pct 
100 mesh 13.6 pet 
150 mesh 11.0 pet 
200 mesh 9.2 pct 
Through 200 mesh 56.6 pct 
Composition of tailing: 
Pyrite 
Quartz 39.0 
Feldspars 23.0 
Sericites 13.5 
Clay substance* 22.0 


*Including chlorite and ferruginous material. 
The quartz and feldspars are the major components of the 
coarser screen sizes and the sericites and clay substances of 
the finer sizes, particularly the —200 mesh. 


There are three 8-in. underflow pipes from each 
thickener. Through a labyrinth of tunnels the un- 
derflow pipes from five of these thickeners con- 
verge to a central discharge point known as No. 1 
spigot house. The six pipes from the two larger 
thickeners discharge at another point called spigot 
house No. 2.. Each discharge line contains two dia- 
phragm valves. The discharge point of each pipe is 
equipped with a plug valve just ahead of an inter- 
changeable spigot. These spigots, with uniform OD 
734 in., have varying diameters for the orifice in the 
center. Used conveyor belting is fabricated to this 
purpose. Solid content of the discharged tailing 
varies from 45 to 55 pct. This solid content relates 
directly to the settling rate, which in turn depends 
on the type of ore and temperature of the pulp. Re- 
claimed water is returned to concentrator head 
tanks by two pump stations adjacent to the thick- 
eners. 

Transportation and Deposition of Tailing: Two 
tailing launders are arranged to receive thickener 
discharges at the spigot houses. One of these trav- 
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erses the east side of Morenci canyon and the other 
skirts the west side of Stargo canyon, Fig. 1. The 
east side flume, 17,000 ft long, was a part of the orlg- 
inal construction. The original launder lies on a 
minimum grade of 1.5 pct with maximum grades of 
2.5 pct. Construction was of cement-asbestos com- 
position. Launder shape and high gradients induced 
excessive wear, so that it ultimately became neces- 
sary to sheath it with concrete. The west side flume, 
laid on a gradient of 1 pct throughout its entire 
length, is of reinforced concrete. 

Diversion gates and valves are located at points 
of convenience along the two flumes to facilitate 
necessary changes in routing the tailing. Laterals 
transporting the tailing to the dams from the flumes 
are either 24-in. pipe, or concrete launders measur- 
ing generally 36 in. wide by 24 in. deep. The laun- 
ders, when used, feed into asbestos-cement pipe lat- 
erals at an elevation sufficient to provide a pressure 
head to carry the tailing through the horizontal 
laterals on the dams. Under prevailing conditions 
a minimum of 5 ft of head is required for every 
1000 ft of feed manifold on the dam, plus 1 ft of 
head for every additional foot the tailing has to be 
elevated for discharge over the dam. 

Construction and Operation of the Tailing Dis- 
posal System: In the first stage of dam building, 
distribution manifolds are placed on the crest of the 
dam. Made of cement-asbestos material, they are 
24 in. ID. Manifold construction is with 10 to 13-ft 
sections, connected to each other by means of a 
collar of the same material and with round rubber 
gaskets to complete the seal. At intervals of about 
52 ft, 6-in. spigots with plug valves are installed to 
discharge the tailing. The total assembly is calcu- 
lated to withstand a working pressure of more than 
100 psi. Berms are constructed with tailing in a 
series of 6-ft lifts by means of draglines, but the 
horizontal feed manifold is raised only once in every 
four lifts. This procedure means that for the inter- 
mediate lifts the only change needed to accommo- 
date the change in elevation is to place an extension 
on each spigot pipe to carry it over the dam. 

One operator and two helpers are generally re- 
quired on each shift. When tailing is flowing into 
more than one dam simultaneously an additional 
operator may be needed; however, at the present 
state of development this is seldom necessary. Better 
than 3000 tpd of tailing will discharge from a sin- 
gle 6-in. spigot; therefore to dispose of nearly 50,000 
tons of tailing about 15 spigots must be operated 
continuously. As these spigots are 52 ft apart, the 
care of 728 ft of bank is required. The operator and 
one helper attend. to that task, while the other 
helper discharges all miscellaneous duties, such as 
checking on proper withdrawal of water through 
ducts or drainage stacks. The operator acts as lead 
man and is responsible for correct performance of 
the shift’s work. 

Dams vary in length from 0.3 of a mile at No. 1 
West dam to 1.8 miles at the No. 5 West dam, see 
Table I. An access road traverses the top of each 
dam. Slightly to one side or on a berm at somewhat 
higher elevation rests the manifold, see cut. At 
intervals of 500 ft, drainage spigots connected to 
the feed manifold also permit disposal of tailing to 
the dam next below if required. Air relief outlets are 
provided at the ends of the feed manifold. Incan- 
descent lighting placed along the manifold level of 
the dams and flood lights on the top of the berm 
facilitate operating the system during night shifts. 
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Water Reclamation: The water reclamation sys- 
tem at Morenci is so intimately related to the tailing 
disposal that it is necessary to describe in some de- 
tail the physical makeup and operation of the sys- 
tem. Beneath the dams there are three concrete 
ducts extending separately to the three canyons, 
two of these joining at the lower end of the area 
to deposit their combined reclaimed water into a 
single settling pond from which the water is with- 
drawn into a pump station. This is the No. 2 pump 
station, which receives all reclaimed water from 
Stargo and Morenci canyons. The East canyon duct 
ends at No. 3 pump station. 


Table |. Data for Principal Dams 


Length, 
West Dams Miles Acreage Reclamation Stacks, No. 
No. 1 0.3 44.71 None 
(Ducts used exclusivel 
No. 2 0.6 137.98 2 2 
No. 3 0.9 216.71 2 
No. 4 ie 212.98 1 
No. 5 1.8 237.52 2 


Sections of these water reclamation ducts were 
built as need developed early in the operation. 
Eventually all were connected until the main drain- 
age system was complete. Construction of drainage 
ducts has by no means halted, since it is continually 
necessary to lay duct ahead of the encroachment of 
the back edge of the tailing settling area. These 
ducts are all laid on natural ground, following the 
original slope of the canyons. Eight-in. openings 
just above the floor of the duct decant the water 
until slimes encroach on the open hole, which is 
then stoppered with a wooden pug. At present the 
main drainage duct for Stargo canyon is 11,000 ft 
long; for Morenci canyon, 13,000 ft; and for East 
Canyon, 6000 ft—a continuous distance of more than 
54% miles. 

Circular concrete stacks 6 ft ID, with walls 12 
in. thick, were constructed wherever necessary. 
These stacks connected with the drainage network 
beneath the dams so that when the ducts were com- 
pletely covered, which happens on most dams early 
in the operation, water could be decanted through 
holes of 8 in. diam arranged in a helix around the 
collecting stack. These holes are spaced nine to the 
turn and rise at the rate of 2 in. for each hole. As 
water is decanted and slimes reach the level of the 
open hole they are closed off with tapered wooden 
plugs. 

In some cases water may collect in ponds remote 
from any reclamation ducts. When this occurs it 
may be recovered in two ways. If the pond is not 
too remote and is located against the bank of the 
next higher dam, the simple expedient of allowing 
tailing to backfill against the dam forces the trapped 
water out and over any obstructions to the stack. In 
the past, for some of the more remote areas, it was 
sometimes necessary to use portable pumping units 
mounted on skids and equipped with flexible suction 
hoses, the ends of which were provided with check 
valves and» floated on empty oil drums. A light- 
weight rapid-connecting portable pipe was used to 
transport water to the nearest reclamation duct. 

Safety dams are provided below the pump sta- 
tions for protection against sudden influx of water. 
These constitute a temporary storage device, and 
the water is pumped back into the settling pond as 
soon as possible. 


TRANSACTIONS AIME 


THICKENER REDUCTION 
TANKS WORKS 
(EL 4280’) 0.0 
aA 


TAILING 
DISPOSAL AREA 


@ NO. 
NO.2 PUMP 
EL 3600 


No. 1 pump station acts as a booster between 
gathering stations below the dams and the tailing 
thickener pump stations. It is equipped with nine 
two-stage 1000-gpm pumps, which return the water 
through appropriate pipelines to the pump station 
adjacent to the thickener installation. Static head 
on this station is 425 ft. No. 2 pump station, located 
below the principal settling pond at the junction of 
the Morenci and Stargo canyon ducts, is equipped 
with eight one-stage 1000-gpm pumps that elevate 
the water 305 ft to the No. 1 pump station. No. 3, 
which also pumps its water to the No. 1 station, 
elevates its pumpage 227 ft with four single-stage 
1000-gpm pumps. Two men on each shift attend 
all pump stations. 

Water reclaimed from the dams varies from 1 to 
8 million gpd, averaging 5,582,000 gal per operating 
day during 1954. That amount is equivalent to 111 
gal per dry ton of ore treated in the concentrator 
during the year. 

Development of Present Disposal Method: At the 
beginning of operations, tailing was disposed of by 
the orthodox method of trestle-supported pipe sys- 
tems, p. 726. High cost of trestle construction, total 
loss of material used, and operating difficulties in- 
volved made it desirable to seek new methods. The 
idea was ultimately advanced that the distribution 
pipe be placed on the crest of the dam so that the 
tailing could be discharged to the pond area by 
short lengths of spigot pipe. This eliminated the 
trestle but presented two possible disadvantages: 
1) the hazard of dam washouts because of pipe fail- 
ures or careless attendance, and 2) potential in- 
crease in the number of times the distribution line 
would have to be disassembled and reassembled. A 
test of the idea was initiated on a small dam. In a 
test period of two years, during which nine cycles 
of operation were completed, it was established that 
the hazard of washouts was unimportant. It was 
also found that with adequate head on the line, tail- 
ing could be discharged more than 25 ft above the 
feed manifold. Inasmuch as this testing had been 
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done on one of the very short dams it remained to 
be seen if this method would function adequately 
on great lengths of dam. While waiting to build a 
new trestle on one of the larger dams, it was de- 
cided, because of need for storage space, to utilize 
the new method along half the bank while awaiting 
completion of the other half. This test proved so 
successful that plans for building the trestle were 
abandoned and the pipe was laid on the crest for 
the entire distance across the dam. Subsequent 
usage proved the practicality of this method and re- 
sulted in complete conversion on all the dams. 
Morenci System vs Trestle System: Prior to con- 
structing trestles it was necessary to build a mat of 
dry tailing or earth fill across the dam to provide 
reasonable footing for the new construction. This 
meant trucking a substantial quantity of dry mate- 
rial. Even with such foundation construction, there 
existed the hazard of subsidence of the trestle before 
its full usefulness could be realized. Subsidence in 


some cases meant separation of the distribution 
pipe, with resulting spillage of large quantities of 
tailing that would wash out the dam. The present 
method of tailing deposition, while not entirely 
eliminating the possibilities of a break-through, 
does offer less opportunity for catastrophic inci- 
dents. It eliminates much of the clay near the face 
of the dam. It apparently classifies the tailing, de- 
positing the sands and allowing the slimes to flow 
off. This is a strengthening factor, since there is 
now very little cracking of the surface upon drying, 
so that a better seal is maintained. Another factor 
of importance has been the shortening of time 
necessary to prepare a dam for re-use when move- 
ment of distribution manifolds becomes necessary. 
Most important, however, has been the substitution 
of the simple periodic movement of the manifold 
pipe for the more expensive trestle construction. 


Discussion sent (2 copies) to AIME before Sept. 30, 1956, will 
appear in Mining ENGINEERING and in AIME Transactions, Vol. 205. 


Mining Methods at the Iron King Mine 


by H. F. Mills and L. Bombardieri 


RON KING mine, producing gold-silver-lead-zinc 
ore, is 10 miles east of Prescott, Ariz. At present 
the 1806 level is being developed. The echelon pat- 
tern of ore deposit continues at depth but is less 
pronounced, and the orebody is now more or less 
continuous over 2600 ft of strike length, with widths 
5 ft to as high as 26 ft where overlapping of lenses 
occurs in one section of the mine. Better continuity 
of ore at depth has encouraged systematic mining 
and improved plant facilities to offset higher operat- 
ing costs. 

With favorable persistence of ore at depth, the 
three-compartment No. 6 hoisting shaft appeared 
inadequate to handle increased tonnage from greater 
depths, and in 1952, a four-compartment steel and 
concrete shaft was started. This is now at a depth 
of 1906 ft, and shaft pockets and loading cartridges 
are being installed on the 1806 level. Ore from the 
new shaft, hoisted in 542-ton Jeto bottom dump 
skips, is dumped into a 500-ton shaft bin, from 
which it is fed to a 16x30-in. gyratory crusher and 
conveyed 415 ft through an undersurface concrete 
gallery to the secondary crusher and conveying 
system supplying the 900-ton mill. Lead, zinc, and 
pyrite concentrates are floated, and the flotation 
tailings are cyanided after desliming. Waste from 
the new shaft is dumped into a 250-ton surge bin, 
fed from this bin to a 24-in. conveyor, and dis- 
charged into the glory hole above the block cave. 
The new shaft is served by a double-drum 400-hp 
hoist used for ore and waste; the No. 6 shaft con- 
veys men and material. 

To secure a cheap source of waste fill for stoping 
operations, a block cave area was undercut in the 


H. F. MILLS, Member AIME, is Manager and L. BOMBARDIERI 
is Chief Engineer at the Iron King Mine, Shattuck Denn Mining Corp. 

TP 4238A. Manuscript, Jan. 3, 1956. New York Meeting, Febru- 
ary 1956. 
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hanging wall near the north end of the mine above 
the 600 level. Waste from the block cave is drawn 
from any of three large drawpoints on the 600 level, 
and a series of hanging wall transfer raises with 
controls and bypasses on each level provide a fast 
low-cost material for fill. The block cave is worked 
vertically through to surface in the form of a steep- 
sided hole 350x250 ft and several hundred feet deep, 
the sides of which cave. and provide fill material 
without any blasting. Fill is a mixture of caliche- 
cemented surface gravel and small particles of 
hanging wall schist. 

Level Development: An orebody 300 times as 
long as it is wide requires a lot of development 
work. Former practice consisted of driving a haul- 
age drift about 30 ft from the ore in an andesitic 
footwall, a drift on the ore, and crosscuts from the 
haulage drift at 100-ft intervals. Crusscuts are 
about 90 ft long. At present, only the odd numbered 
levels are so developed, and on the even numbered 
levels only the haulage drift and crosscuts are 
driven. Little or no timber is used for this develop- 
ment. This change resulted in 20 pct reduction of 
development costs and 50 pct reduction of square 
set stoping required for removal of floor pillars. 
Elimination of ore drifts on alternate levels leaves 
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a solid block of ore extending from the back of the 
lower level to within about 12 ft of the ore drift 
above—240 ft as compared with the previous 115 ft. 
Levels are planned for 133-ft intervals or for a 
total stope height of 266 ft.. However, when a stope 
reaches the crosscut from the haulage level above, 
chutes are set in the crosscut and the stope is serv- 
iced from the upper level. It is seldom that ore 
passes are worn out before abandonment. During 
ore slushing the tops of the passes are protected by 
portable grizzlies. Little secondary blasting is needed 
and there is little trouble pulling ore from chutes. 
Stope Development: All crosscuts and raises are 
on 100-ft coordinates, see cut, p. 728. At intervals 
of 400 ft a three-compartment raise (Rl) with 
stulled and lagged center manway is driven on 
ore to the level above. The back of the ore drift is 
then taken out to 16 ft above track level for the 
100-ft stope length (A) on each side of this raise. 
Track and pipes are removed, and two-compart- 
ment raise sets (R2) placed about 100 ft from the 
first raise. A gob floor is laid, and waste is dropped 
down the three-compartment raise and slushed out 
to fill the stope to within 6 ft of the back. A heavy 
plank is lashed to the slusher bucket and the sur- 
face of the fill is dressed smooth enough to permit 
laying the floor without using sills or spikes. 
Stopes are mined in pairs. Steeply inclined stoper 
drills are used to drill and break ore in 6-ft cuts. 
Weak walls limit the depth of cut, and each slice 
must be filled as soon as the ore is slushed out. Be- 
fore filling with waste, the 6-ft lengths of flooring are 
stood on end along the walls (F). The ore, while 
hard, is structurally weak, and as the stope advances 
it is usually necessary to square-set the floor pillar 
below the upper ore drift (E). When the stope has 
reached the level above, the block of ground re- 
maining between the two-compartment raises is 
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ready for extraction. The drift back is taken down 
and loaded out, and a three-compartment raise set 
(R38) placed at the midpoint, in the crosscuts. Man- 
ways of the two-compartment raises now become 
waste passes for the new stopes, and the new three- 
compartment raise, carried up with the stopes, is 
used for ore passes. 

A cross section of the standard shaft pocket at 
Iron King mine is shown at left. 

All stoping is on contract, see Table I, and is 
based on cubic feet of ore. The cycle is divided into 
four parts and weighted as follows: drilling and 
blasting 23 pct, slushing ore 43 pct, handling floors 
12 pet, and waste filling 22 pct. All drilling is done 
with tungsten carbide bits and alloy steel rods. 
Early in 1948 shrinkage stoping was abandoned and 
replaced by cut and fill methods. In June 1948, after 
some time studies were made, the present contract 
system was established. No change of contract rates 
has been made since then, but contract earnings 
have increased by an amount proportionally greater 
than the miners’ base rate of pay. 


Table |. Contract Schedule, Iron King Mine 


Stoping, Cost Per Cubic Foot, ¢ 


Waste Drill 
Average Floor, Slushing, Fill, and Break, Total, 
Width, Ft. 12 Pet 43 Pet 22 Pct 23 Pct 100 Pet 
12 or over 1.0 3.2 ily 1.8 7.7 
10 to 12 1.0 3.4 a Ey 1.8 7.9 
10 1.0 3.5 1.8 1.9 8.2 
9 1.0 3.6 1.9 2.0 8.5 
8 1.0 3.8 2.0 2.1 8.9 
4.1 2.1 2.2 9.5 
6 1.2 4.4 2:2 2.4 10.2 
5 4.9 2-5 2.0 11.4 
4 or under 1.5 5.6 2.8 3.0 12.9 
Taking Pillar Under Mat, Timbered Stope 
Any width 2.0 5.0 3.0 5.0 20.0 
stope, 5.0 
timber 


Square set timbered manway and chute, $6.00 per ft 
Square set timbered manway and two chutes, $9.85 per ft 
Single cribbed manway or chute, $3.85 per ft 
Gob fence, $3.85 per ft 
Base (drifts, $4.00 per ft over base price): 
Footwall, 2% ft per round 
Ore, 3 ft per round 
Crosscuts, 3% ft per round 
Two-compartment raises (6x12 ft), $14.00 per ft 
$6.00 per ft of ground 
$8.00 per ft of timber 
Three-compartment raises (6x15 ft), $15.00 per ft 
$6.50 per ft of ground 
$8.50 per ft of timber 
Raw raises (6x6 ft), no staging, $3.65 per ft 
With staging, $4.85 per ft 


This system of mining requires a large amount of 
stope preparation in advance of extraction, but it 
permits good control of grade of ore, and it has been 
possible to compensate, to some extent, the wide 
variations in income caused by fluctuating zine and 
lead prices. Output per manshift on stopes is 12 to 
15 tons. Usually nine pairs of stopes provide the 
tonnage, augmented by development ore, to supply 
the mill. 

Haulage: Haulage drifts and crosscuts are 7x7 ft. 
Cars are rocker dump, of 25-cu ft capacity. Both 
Little Trammer and 4-ton locomotives are used, and 
trains consist of six cars of ore or ten cars of waste. 
Two locomotives per level service the loading and 
dumping of stope ore and waste fill. One additional 
locomotive is required to handle waste and ore from 
level development. The mine operates two shifts; 
the afternoon shift goes down while the day shift 
comes up. All blasting, as nearly as possible, is done 
at the close of the afternoon shift, leaving 8 hr for 
full removal of blasting fumes. 


Discussion sent (2 copies) to AIME by Sept. 30, 1956, will appear 
in Minine ENGINEERING and in AIME Transactions, Vol. 205, 1956. 
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Reagent Control Flotation 


Tests at the Sullivan concentrator of The Consolidated 
Mining & Smelting Co. of Canada Ltd. showed high correla- 
tion of metallurgical results to pH and xanthate concentra- 
tion. A method of analyzing for xanthate in flotation solutions 
is presented, and the possibility of automatically controlling 


reagent additions is discussed. 


by C. H. G. Bushell and M. Malnarich 


EAGENT control in flotation is more an art than 

a science. Operators vary the amount of re- 
agents used according to the metallurgy obtained. 
The amount of collector may be increased, for ex- 
ample, if tailings losses are high and decreased if 
concentrate grades are low. Often control decisions 
are based on only one assay, such as the tailings 
analysis by microscopic or quick assaying tech- 
niques. 

This method of control has given reasonably 
satisfactory results but is clearly far from perfect. 
No adjustment in reagent addition can be made 
until information is received that metallurgy has 
deteriorated, that is, until the optimum time for ad- 
justment has already passed. The first adjustment 
probably will be an overcorrection or an undercor- 
rection, and time will be required to establish the 
best new addition rates. The seriousness of the 
problem depends on variability of the ore. In ore of 
continually shifting composition and complexity, 
mill results will shift back and forth from exces- 
sively high concentrate grades and high tailings 
losses to excessively low concentrate grades and low 
tailings losses. Economic incentive for improved 
control also increases with increasing size of mill. 
Even a small improvement in percentage recovery 
in a large mill pays for expensive control equipment. 

The Sullivan concentrator of The Consolidated 
Mining & Smelting Co. of Canada Ltd. at Kimberley, 
B. C., treats 11,000 tpd of complex lead-zinc ore, a 
scale of operations which justifies an extensive re- 
search program on automatic control. Work has 
followed two separate lines: 1) development of 
faster analytical methods for pulps, and 2) study 
of metallurgical control by measurement and con- 
trol of reagent concentrations in flotation solutions. 

Although work is incomplete in both phases, a 
progress report can be given on the development of 
reagent control. 

The primary requirement in flotation is selective 
attachment of particles of one mineral to air bub- 
bles while the other minerals remain detached. 
Hydrophobicity of mineral surfaces is established 


C. H. G. BUSHELL is Research Engineer, The Consolidated Mining 
& Smelting Co. of Canada Ltd., Trail, B. C., and M. MALNARICH is 
Chief Testing Engineer at the Sullivan Concentrator of Cominco at 
Kimberley, B. C. 

TP 4235B. Manuscript, Dec. 5, 1955. New York Meeting, Febru- 
ary 1956. 
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Fig. 1—Spectrum of a solution of potassium isopropy! xanthate. 


by the collector, which coats the minerals by ad- 
sorption. The requirement of selective affinity for 
air bubbles is therefore equivalent to requiring 
selective adsorption of a collector. Adsorption 
theory, supported by abundant experimental evi- 
dence, shows that the amount of a reagent adsorbed 
at a surface must be a function of its residual con- 
centration in solution. As the concentration in so- 
lution rises, the amount adsorbed increases, usually 
following some type of logarithmic curve. 
Selective adsorption must depend on a natural 
difference in the minerals, but ordinarily the differ- 
ences in affinity are not great enough to obtain com- 
plete coverage of one mineral while the others are 
completely uncoated. An optimum concentration 
will exist, below which coverage will not be great 
enough to float enough of the valuable mineral, and 
above which too much unwanted mineral will float. 
All other reagents, except some frothers, affect 
the amount of collector adsorbing at constant resid- 
ual collector concentration in solution, either by ad- 
sorbing competitively with the collector, or by a 
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solution effect depending on concentration. Froth- 
ing depends upon frother concentration. 

Thus the effects of all flotation reagents are direct 
functions of their residual concentrations in solu- 
tion. The residual concentrations are related to 
rates of addition of reagents, but are not perfectly 
correlated with them because of varying composi- 
tion of ore, and varying extents of oxidation. (Oxi- 
dized compounds are acidic and so affect pH, and 
may precipitate heavy metal collector salts.) For 
precise control, residual concentrations must be 
measured continuously and used to control reagent 
additions. 

The first requirement for reagent control is de- 
velopment of analytical methods that can be used in 
recording-controllers. The Cominco investigation 
was carried out specifically for the Sullivan Con- 
centrator, where the following principal reagents 
are used: for lead flotation, sodium isopropyl xan- 
thate, Dowfroth, lime, and sodium cyanide; for 
zine flotation, copper sulfate, sodium isopropyl xan- 
thate, lime, and Dowfroth. 


Methods of Chemical Analysis 


Xanthate. 1) Basic Method: The structural for- 
mula for xanthate indicated that its solutions would 
probably absorb light, and _ spectrophotometric 
analysis was therefore suggested. A sample of com- 
mercial potassium isopropyl xanthate was purified 
by dissolving in ethyl alcohol, filtering off the in- 
soluble residue, and precipitating with diethyl 
ether. The precipitate was then retreated by the 
same procedure, and the purified xanthate so ob- 
tained was washed with ether. Titration with io- 
dine showed the salt to be close to 100 pct pure. 

The spectrum of a solution of the purified xan- 
thate was obtained in a Beckman DU spectrophoto- 
meter with results shown in Fig. 1. The peak at 
3010 A wavelength provided a suitable basis for 
quantitative analysis. Fig. 2 shows a plot of the 
height of the peak at 3010 A vs concentration of 
isopropyl xanthate in solution. Very close correla- 
tion results. Both sodium and potassium isopropyl 
xanthate were used in calibration. Results for equi- 
molar concentrations are identical, as might be ex- 
pected, since the xanthate part of the molecule is 
responsible for the absorption of light. 

2) Effects of Impurities: Spectrophotometric de- 
termination of xanthate is practical only if no other 
substance in the mill solutions affects light absorp- 
tion at 3010 A. Lime and Dowfroth in solution were 
found to have no effect on the analysis, but certain 
other frothers interfere seriously, and the method 
cannot be used in solutions containing them. Cupro- 
cyanide complex ions interfere slightly, but not to 
a significant extent. In the absence of copper, so- 
dium cyanide does not affect the analysis. Uncom- 
plexed copper is insoluble at mill pH’s and, since 
solutions must be filtered before analysis, cannot 
interfere. 

Possible reaction products of xanthate, i.e., copper 
isopropyl xanthate, lead isopropyl xanthate, ferrous 
isopropyl xanthate, and diisopropyl xanthogen, 
were synthesized and found to have no significant 
effect on the determination of xanthate. 

Other Reagents: The principal purpose of lime 
additions is pH control. pH can be measured con- 
veniently with standard commercial instruments. 
Calcium concentration was also measured to see if 
lime exerts an effect independent of that on pH. 
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Analyses for calcium, cyanide, copper, and sulfate 
were carried out by standard methods of chemical 
analysis. Some cyanide is converted to thiocyanate 
in flotation, and it is necessary to distinguish cya- 
nide from thiocyanate. Apart from pH and xan- 
thate, the chemical analyses are not readily adapt- 
able to continuous control. It was decided to pro- 
ceed with present methods to determine experi- 
mentally which reagents are important enough to 
require continuous control. 

No analytical method has yet been developed for 
Dowfroth. Laboratory tests have shown that Dow- 
froth does not affect adsorption of xanthate on Sul- 
livan galena. 

Mill Tests 

In preliminary tests at the Sullivan concentrator, 
xanthate concentrations were found to be in a range 
suitable for spectrophotometric determination, be- 
ing between the extremes of 1 and 100 ppm. Varia- 
tions in analysis from time to time were appreci- 
able, confirming the desirability of more precise 
control. 

The next step was a series of mill tests to deter- 
mine correlations between metallurgical results and 
reagent concentrations. For this purpose one lead 
rougher (a 16-cell Mineral Separation machine) 
and one zinc rougher (a 16-cell Mineral Separation 
machine) were coupled together as a test unit. Feed 
to the test lead rougher consisted of normal flotation 
feed (ground fresh feed plus mill returns). Feed to 
the test zinc rougher consisted exclusively of tail- 
ings from the test lead rougher. Concentrates and 
middlings from the test machines joined the cor- 
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Fig. 2—Concentration of isopropyl xanthate (expressed as 
xanthate ions) ys optical density at 3010 A. 


JULY 1956, MINING ENGINEERING—735 


100 
© 
° — 452 
80 
5S 
a 
- 60 
> 
a 
Ww 
> 
O 
a 
a 
Q 40 
WwW 
20 
) 80 {60 240 320 400 
[H +] PRODUCT (XANTHATE CONCENTRATION) CONCENTRATION) 
2 
MOLS' x 1016 
LITERS@ 


Fig. 3—Effect of xanthate concentration and hydrogen ion 
concentration on lead recovery in the lead rougher. 


responding products from the other nine lead rough- 
ers and nine zinc roughers on normal mill service. 
With returns from outside the test units joining the 
flow, optimum reagent concentrations for normal 
roughing could not be determined. The sole purpose 
of the test was to determine correlations between 
metallurgy and residual reagent concentrations. 

To explore the situation as quickly as possible, a 
statistically planned experiment was laid out with 
reagent concentrations varied over wider limits than 
in normal practice. Ample data for statistical analy- 
sis were obtained, although the experimental design 
could not be followed because of difficulties in ex- 
perimental control. No recording instruments were 
yet available, and feed analyses and tonnages varied 
sharply, making reagent concentrations difficult to 
control. To minimize the effects of changing condi- 
tions, each test was based on grab samples taken as 
nearly simultaneously as possible. 

Rates of addition of xanthate, lime, and cyanide 
to the lead rougher and of xanthate, lime, and cop- 
per sulfate to the zinc rougher were all varied. Fil- 
tered solutions were analyzed for xanthate, pH, total 
cyanide (including thiocyanate), thiocyanate, cal- 
cium, copper sulfate, and reducing power, the last 
analysis being an empirical test based on iodine 
titration. Metallurgical balances were calculated 
from assays of feed and products. 

Results were analyzed statistically by both graphi- 
cal and algebraic methods. The outstanding finding 
was very high correlation between metallurgy and 
both pH and xanthate concentration. The amount of 
copper sulfate added to the zinc roughers has signifi- 
cant effect on zinc metallurgy. 

The high correlation between metallurgy and pH 
and xanthate concentration is easily shown by plot- 
ting metallurgical results vs xanthate concentration 
(m) multiplied by hydrogen ion concentration [H*]. 

Figs. 3, 4, and 5 show percentages of lead, zinc, 
and iron floating in the lead rougher vs the m [H*] 
product in lead rougher tailing water. An excellent 
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Fig. 4—Effect of xanthate concentration and hydrogen ion 
concentration on zinc recovery in the lead rougher. 


correlation is obtained for lead and apparently 
poorer correlations for zinc and iron. 

With the methods of calculation used, percentage 
recoveries with intensive floats were most accurate 
for lead, next most accurate for zinc, and: least accu- 
rate for iron. This accounts, in part at least, for the 
different degrees of scatter. Variation in ore com- 
plexity, that is, in number of combined particles, is 
probably also a factor. At low pH’s small errors in 
pH measurement affect the absolute magnitude of 
the m [H*] product appreciably. Tonnage variations 
contribute slightly to scatter in the zine curve, as 
discussed later. Of course, m [H*] may not be an 
entirely satisfactory mathematical quantity with 
which to relate the effects of pH and xanthate on 
marmatite and pyrrhotite, and the need for an ade- 
quate mathematical model of flotation is thereby 
demonstrated. It must be emphasized that plots of 
metal recovery against either xanthate or pH sepa- 
rately do not show much correlation. Xanthate con- 
centration and pH must be considered together. 

During lead roughing there were extreme ranges 
in other factors, Table I. 


Table |. Factors in Lead Roughing 


Tonnage 1000 to 2000 tpd 

Pulp density 34 to 54 pet 

Pb in feed, pct, including returns 6.7 to 13.2 pet 

Zn in feed, pct, including returns 9.0 to 17.4 pet 

Fe in feed, pct, including returns 21.4 to 34.3 pet 

Total cyanide, including thiocyanate, 10 to52 ppm 
as equivalent NaCN 


Thiocyanate, as equivalent NaCN 9 to30 ppm 

Calcium (expressed as CaO) 200 to 1000 ppm 

SO, 500 to 1100 ppm 

Reducing power 220 to 550m1N/100 leper liter 


Graphical correlation indicated that none of the 
foregoing factors affected percentage recovery ex- 
cept tonnage, which appeared to have a slight effect 
on the amount of zinc floating. Of course, some of 
the variables might affect percentage recovery if 
varied outside the range of the existing tests. Fur- 
thermore, small effects within the range of the exist- 
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ing tests could escape detection by graphical cor- 
relation analysis. There is no doubt, however, that 
pH and xanthate concentration have dominant im- 
portance within the range of test conditions. 

_ Results for flotation in the zinc rougher were 
similar, but correlations were lower, largely because 


the results were affected by conditions in the lead 
rougher. 


Discussion 
The dependence of metallurgy on the m [H*] 
product deserves attention. Wark: quotes Barsky as 
drawing attention to the fact that critical pH curves 
as determined by captive bubble tests follow the 
relationship 


[H*] = constant. 


Here [X°"] = concentration of xanthate ions and 
[H*] = concentration of hydrogen ions. At mill pH’s 
xanthic acid is almost completely dissociated, so 
that m = [X-]. 

M. A. Cook et al. have written a series of papers 
advocating the free acid collector theory.2* Accord- 
ing to this theory, the sole effect of pH is to control 
the degree of dissociation of xanthic acid. The equi- 
librium expression for xanthic acid is: 


Here K, is the dissociation constant. 


The spectrophotometer measures the total xanthate 
concentration 


[HX] + =m. [3] 
Hence 
{m—[HX]}} 
[HX] 
which may be rearranged to 
[4 
K, + [H*] | 
For isopropyl xanthate at mill pH’s, K,>>[H’]. 
Hence, as an adequate approximation, 
[Hx] = [5] 


a 


According to the Cook theory, therefore, the action 
of pH and xanthate concentration on flotation can 
be described by the quantity m[H‘*]. 

The importance of the m[H*] product can be re- 
garded also as a special case of an equation result- 
ing from competitive adsorption between xanthate 
ions and hydroxyl ions. The simplest equation for 
competitive adsorption has the form 


m 
6 
m+a[lOH ] + b [6] 
where @ = fraction of available sites on the mineral 
surface occupied by xanthate, m = concentration of 
xanthate, a = constant, and b = constant. 
Mineral recovery must be a function of 6, but 


[H*] [OH] 
where K,, = dissociation constant of water. Hence 
m 
6 
+ +b 
m 
[H*] 
m + 
= 5 


m[H*] + aK. + 


Flotation recovery is a function of m[H*] when b 
is small enough to make the term b[H"*] negligible. 
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Fig. 5—Effect of xanthate concentration and hydrogen ion 
concentration on iron recovery in the lead rougher. 


Of course, more complex adsorption equations may 
actually be required. The important point is that 
high correlation between metallurgy and m[H*] 
does not in itself constitute proof as to whether 
adsorption of undissociated xanthic acid or com- 
petitive adsorption between xanthate ions and 
hydroxyl ions is the correct mechanism. 

As a result of the high correlation between mill 
metallurgy and xanthate concentration and pH, two 
test recording instruments—one pH meter and one 
xanthate meter—are on order to further the de- 
velopment of automatic control in the Sullivan 
concentrator. 

In order to take full advantage of reagent control, 
the action of the various reagents must be fully 
understood. At present, adsorption tests are being 
run to determine the effects of various reagents on 
the adsorption of xanthate on galena, marmatite, 
and pyrrhotite. This work is supplemented by lab- 
oratory flotation tests in which all solutions are 
analyzed for residual reagent concentrations. Prog- 
ress has been made in developing a mathematical 
model of flotation to facilitate interpretation of data. 
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IGH temperature-high pressure 
have long been used to great advantage in the 


A Kinetic Study of the Leaching 
of Molybdenite 


A study of the rate of dissolution of molybdenite (MoS.) in alkaline solution 
was carried out under carefully controlled conditions. Effects of temperature, oxygen 
over-pressure, and KOH concentration were evaluated. Studies were made in the 
temperature range 100°C to 175°C and in the pressure range 0 to 700 psia of oxygen. 
Under these conditions molybdenite was found to leach according to a linear mecha- 
nism. Both oxygen over-pressure and KOH concentration were found to control the 
rate of leaching. The mechanism has been explained in terms of adsorption of oxygen 
at the molybdenite surface followed by configurational rearrangement of the ad- 
sorbed molecules. The hydroxyl ion dependency is believed to be diffusion-controlled. 
Laboratory batch studies have shown that molybdenite can be readily dissolved in 
alkaline solutions under moderate conditions of temperature and pressure. Com- 
mercial application of this process to the production of ferro-molybdenum and molyb- 
denum chemicals is promising in view of the ease of dissolution of molybdenite and 
the relatively noncorrosive conditions involved in the process. 


by William H. Dresher, Milton E. Wadsworth, and 
W. Martin Fassell, Jr. 


techniques 


quently the literature lacks any significant data in 
this field. Oxidation of pyrite,* sphalerite,* galena, 


organic chemical industry, the petroleum industry, 
and the paper industry. Only recently, however, 
have these methods been used to extract metals 
from their ores on a commercial scale. The Chemical 
Construction Corp., together with interested pro- 
ducers of nickel and cobalt, has done much to 
develop methods of producing nickel and cobalt 
powders by the use of high temperature-high pres- 
sure techniques.* The Howe Sound Co. is currently 
operating a plant near Salt Lake City in which the 
new Chemical Construction Corp. technique is ap- 
plied to cobalt-arsenic sulfide concentrates. In this 
method the concentrates are leached in a dilute 
solution of sulfuric acid under air pressure at a 
high temperature. Near Edmonton, in Alberta, 
Canada, the Sherritt Gordon Co. is also using the 
new method in conjunction with its ammoniacal 
leach process.” National Lead Co., at Fredricktown, 
Mo., is operating a process similar to that of Howe 
Sound. 

In spite of the rapid growth of high temperature- 
high pressure hydrometallurgical processes, there 
has been very little work done on fundamental 
principles involved in this type of process. Conse- 
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ber AIME, is Associate Professor, Dept. of Metallurgy. W. M. 
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and recently molybdenite® in alkaline solutions has 
been reported to some extent. 

This investigation was initiated, therefore, to 
broaden the application of high temperature-high 
pressure hydrometallurgy and also to contribute 
some insight into the basic mechanisms of oxidation 
in an aqueous medium under these conditions. In 
addition to the immediate consequences of these 
processes much valuable information remains to be 
learned about fundamental reactions when they are 
carried out at temperatures and pressures slightly 
higher than those normally encountered. 

Leaching of molybdenite by alkaline solutions 
under oxygen pressure has recently been reported 
in the Russian literature by E. S. Usataya,®° who 
found that leaching rate increased with an increase 
in the pH of the solution—the strongest effects being 
observed at a pH of 10—and also with an increase 
in temperature. Usataya also has reported the form- 
ation of a protective film on the surface of the 
molybdenite when the leaching solution was weakly 
alkaline, neutral, or acidic. He believes that this 
oxidation process explains the migration of Mo** in 
the oxidation zones of molybdenite ore deposits and 
the subsequent impoverishment of the ores. 

Equipment: The high temperature-high pressure 
reaction unit used in this work was especially de- 
signed for kinetic studies of this nature, emphasis 
being placed on accuracy of measurement and pre- 
cision of control. As details of the unit’s construction 
and operation have been discussed elsewhere,’ only 
basic features and principles of operation will be 
discussed at this point. 


TRANSACTIONS AIME 


200°C 


(Sample Completely Leached) 


7 
/ 


| 
| 


LVED, mg/cm 


ow 
8 


| 
| 
| 


TOTAL MoS, DISSO 
| 


140°¢ 
° 30 60 90 120 150 (80 210 240 270 300 
TIME, min 
Fig. 1—Typical rate curves. 


1) Temperature of the solution within the auto- 
clave is constantly measured, recorded, and con- 
trolled. 


2) Gas over-pressure of the system is constantly 
regulated and indicated. 


3) Provisions are made for lowering a sample 
into the reaction zone of the autoclave once thermal 
equilibrium has been attained. 


4) A means is provided for removal of liquid 
samples from the reaction zone of the autoclave 
during the course of the reaction without disrupting 
operation of the unit. 


Solubility of oxygen in various concentrations of 
solutions used in this experiment was measured in 
equipment adapted from that described by Frolich, 
et al. and by Ipatieff and Monroe.’ The oxygen- 
saturated solution from the autoclave was admitted 
to the gas-measuring equipment by means of a 
water-cooled capillary tube. A vacuum-tight con- 
nection was made between the capillary tube and 
the flash chamber of the gas-measuring equipment. 
The liquid was measured by a standard 100-ml 
capacity burette encased in a water jacket, and the 
volume of gas was measured in a Fisher precision 
gas burette. 

Bench-scale tests were made in an Autoclave 
Engineers l1-gal, electrically heated autoclave. A 
Leeds and Northrup type C Micromax controller 
was used to control temperature of the solution 
within the autoclave. 

Experimental Procedure: Molybdenum sulfide 
used in the kinetic study was Molysulfide lubricant, 
Grade 2, a commercial product manufactured by 
Climax Molybdenum Co. The MoS. content of this 
material was better than 99 pct. A less pure grade 
of molybdenite, obtained from the Kennecott Cop- 
per Co., was used for the bench-scale tests. This 
material contained approximately 89 pct MoS., the 
remainder being a siliceous gangue material. 

Solid molybdenite samples, 0.650 in. diam and 
approximately 0.085 in. thick, were prepared by 
pressing the powdered molybdenite (97 pct, —100 
mesh) in a*Carboloy die at a pressure of approxi- 
mately 85 tons per sq in. These samples varied from 
91 to 92 pct of theoretical density of massive molyb- 
denite. The geometric surface area of the molyb- 
denite disk was calculated from micrometer meas- 
urements of the sample. After preparation, the 
molybdenite disks were pressed by hand into an 
Inconel sample holder and mounted in the auto- 
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clave. Flat, plate-like samples were used in these 
studies in order to maintain the geometric surface 
area essentially constant during the course of the 
run. Rate curves for the dissolution of MoS, powders 
were found to deviate from linearity because of the 
large variation in surface area as the reaction 
progressed. 

Molybdenum content of the leach solution, meas- 
ured at periodic intervals, was determined spectro- 
photometrically from a phenylhydrazine hydro- 
chloride-molybdenum complex by a Beckman 
Model DU quartz spectrophotometer. The method 
of analysis followed that developed by Ayres and 
Tuffly.” 

Measurements of oxygen solubility in the leach 
solutions were made with the equipment previously 
described. Since a relatively large volume of solu- 
tion was required for each solubility measurement, 
it was not possible to measure solubility concur- 
rently with molybdenum concentration. When a sol- 
ubility measurement was made, the solution within 
the autoclave was brought to the desired tempera- 
ture and the oxygen over-pressure was increased in 
increments of 100 to 200 psi. A measurement of the 
amount of oxygen dissolved in 50 ml of the leach 
solution was determined for each increment. Each 
measurement consisted of a reading of the volumes 
of both liquid and gas, of the temperature of the gas 
in the burette, and of the atmospheric pressure. 
Results of these measurements were expressed in 
mols of oxygen per liter of solution. Solubility 
measurements were made for all temperatures and 
KOH concentrations used in the leaching studies. 

Batch studies on leaching molybdenite were car- 
ried out in the Autoclave Engineers 1-gal autoclave. 
In this series of studies, potassium hydroxide solu- 
tion and powdered molybdenite were charged to the 
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Fig. 2—Effect of oxygen over-pressure on rate of leaching. 
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Fig. 3—Effect of KOH concentration on rate of leaching. 


autoclave, which was evacuated and allowed to 
come to operating temperature without agitation. 
Oxygen was admitted to the autoclave to the desired 
working pressure and agitation started. Samples of 
the solution were withdrawn at intervals by means 
of a capillary tube. Due to the high molybdenum 
concentration of the solution the progress of the re- 
action was followed by titrating the KOH remain- 
ing in the solution rather than by the colorimetric 
method of analysis used in the kinetic study. 

Experimental Results: The reaction rate data con- 
sisted of measurements of the rate of formation of 
MoO, under the various conditions of leaching. 
Results to be described are based on the leaching of 
more than 65 samples of molybdenite in potassium 
hydroxide solution under oxygen partial pressure of 
0 to 700 psia and at temperatures from 100°C to 
175°C. As shown in Fig. 1, molybdenite was found 
to leach according to a linear mechanism under 
nearly all conditions investigated. When relatively 
high rates of reaction were involved, as in runs at 
175°C or higher, deviation from linearity was ob- 
served. This deviation was found to be due to dis- 
integration of the pressed samples and a subsequent 
increase in effective surface area. 


Table I. Bench-Scale Tests of Molybdenite Leaching 


Oxygen Tempera- Time to 95 Pct 
Pressure, ture, Molar Ratio, Completion, 
Psia °C MoS::KOH Min 
200 156 1:2, 62 
400 156 2) 38 
600 156 1:2 33 
800 156 AY 29 
1000 156 2) 22 
1500 156 1:2 17 
400 108 ie) 110 
400 125 ie} 85 
400 140 1:2 65 
400 156 es 38 
400 175 12 23 
400 156 1:4 28 
400 156 ie 38 
400 156 4:5 46 
Four variables were studied in determining 


kinetics of the leaching reaction: speed of agitation, 
KOH concentration, temperature, and oxygen over- 
pressure. Rate of the reaction was grossly affected 
by speed of agitation below approximately 500 rpm. 
Above this speed, however, reaction rate was rela- 
tively stable until cavitation occurred at about 1000 
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rpm and the sample disk was no longer covered by 
the leach solution. Stirring rate was maintained at 
750 rpm for all tests. Fig. 2 shows the experimental 
rates of leaching for various pressures of oxygen, 
Fig. 3 the effect of a change in the leachant concen- 
tration on the rate of leaching for several different 
temperatures. 

A series of bench-scale tests were carried out to 
demonstrate commercial feasibility of the leaching 
process. Optimum conditions were taken from the 
results of the kinetic studies and briefly studied 
batchwise. Oxygen over-pressure, temperature, and 
various molar ratios of MoS, to KOH were studied. 
Results of these tests, expressed as the time re- 
quired to leach 95 pct of the molybdenite, are pre- 
sented in Table I. 

Tests similar to those presented for KOH solution 
were carried out in NaOH and Na.CO, soiutions. The 
reaction was found to proceed using each of these 
reagents. The rate measured in Na.CO; solutions 
was much slower because of the buffering action 
of Na.CO, and the resulting lower hydroxy] ion con- 
centration. Use of sodium salts produces Na.MoO,, 
which is less soluble than K,.MoO,—115.5 g per 100 
ml at 100°C for Na,MoO, as compared to 184.6 g per 
100 ml at 25°C for K.MoQ, 


Discussion of Results 

The linear reaction rates observed for all experi- 
ments, Fig. 1, carried out within the range of the 
conditions of this study indicate that the surface is 
not hindered by products of the reaction. Any build- 
up of adherent surface layers as a result of the 
reaction would result in nonlinear rate curves. The 
linearity of the rate curves also indicates that the 
concentration of surface sites that contribute to the 
reaction remains constant for any given set of con- 
ditions. 

The overall measured rate is clearly a function of 
the oxygen over-pressure, as is shown in Fig. 2. The 
shape of this curve suggests a surface adsorption 
process that reaches a maximum rate for complete 
surface coverage. The oxygen dependency curves 
are regular and typical of a process involving ad- 
sorption of a gas onto a surface. Hydroxyl ion de- 
pendency, however, is not so simple. The isotherms in 
Fig. 3 can be divided into two regions. In the first 
region, below a concentration of approximately 1.0 
mols per liter, the reaction rate is an increasing 
function of the hydroxyl ion concentration. Above 
this region the rate decreases with increasing hy- 
droxyl ion concentration. This rather strange shape 
of the KOH dependency may be attributed to three 
major effects: 1) the concentration of oxygen dis- 
solved in the solution varies with the KOH con- 
centration for any given over-pressure, 2) the ac- 
tivity coefficient of KOH varies considerably over 
the range of concentrations of KOH considered, and 
3) the combined effect of diffusion and viscosity 
must be taken into consideration. To eliminate the 
first of these effects the solubility of oxygen in KOH 
solutions must be known. Since the literature lacks 
data obtained under the conditions of this study 
these measurements were made experimentally. 
Fig. 4 shows the solubility of oxygen in KOH solu- 
tions under the conditions employed in each of the 
leaching studies. The quantity S/P is the ratio of 
solubility of oxygen in mols per liter to the absolute 
pressure of oxygen over the solution. Activity co- 
efficients of the various concentrations of KOH solu- 
tions were taken from data of Harned and Cook™ 
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Fig. 4—Solubility of oxygen in KOH solutions. 


and extrapolated to the desired temperatures. Since 
the concentrations of oxygen in solution were so 
low—10~ mols per liter—activity coefficients of the 
oxygen dissolved in the KOH solutions were as- 
sumed to be equal to unity. 

The overall reaction may be explained stoichio- 
metrically by Eq. 1: 


MoS, + 9/20, + 6OH- > MoO,” - 


After complete oxidation the end products were the 
molybdate and the sulfate ions. If, however, the 
solutions were analyzed as soon as they were re- 
moved from the autoclave and the molybdenum 
sulfide was not completely reacted, the sulfur was 
found to be present in solution as the sulfate ion 
plus a measurable quantity of the thiosulfate ion 
—S.0,; ~. This was determined by a standard iodine 
titration. Fig. 5 is a typical plot of S,O;~ ion con- 
centration vs time. The presence of the thiosulfate 
ion in reactions of this type has been reported pre- 
viously by Forward et al.,” who found curves of 
this type for the dissolution of cobalt, nickel, and 
copper sulfides in ammoniacal solutions. They also 
noted the presence of dithionate ion and the higher 
thionates as well as sulfamate. However, thionates 
cannot exist for any appreciable time in alkaline 
solutions in the absence of the ammonia ion due to 
their decomposition by the hydroxyl ion resulting in 
the formation of thiosulfate ion.” The direct forma- 
tion of the thiosulfate ion may be represented by 
the intermediate overall reaction 


MoS, + 5/20, + 40H- > MoO, - 
[21 


The complexity of these reactions (Eqs. 1, 2) requires 
a series of reactions, of which one or more may be 
rate-controlling. In any event, it appears that the 
surface reactions involved result in intermediate 
compounds that must be capable of forming the 
observed end products and at the same time main- 
tain the proper oxygen and charge balance. 


Theoretical 
Development of the Rate Equation: According to 
the Absolute Reaction Rate Theory,” the rate of any 
chemical reaction may be represented by the gen- 
eral equation 


Rate= Zac 
jh 
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> 
where ; represents the summation of all contrib- 


uting rates, represents the product of the 


ap AG 
reactant concentrations for the j™ rate step, k’, is the 
specific rate constant, « is the transmission coeffi- 
cient, AF+, is the activation energy of the j™ rate 
step and k and h are the Boltzman and Planck con- 
stants, respectively. Application of Eq. 3 requires 
evaluation of the rate-contributing steps involved 
as well as evaluation of the reactant concentrations 
7 Cc 
.. .. for each step. 
The following steps are suggested as possibly 
leading to the overall reaction commensurate with 
the measured rates and the observed end products: 


| | 


| 
| ks 


(slow) [5] 


| Ieal 
IMoS,. [ mtos, act (slow) [6] 
| 


| 


(fast) [7] 
| 
IMoO,(OH)* + OH->MoO,- + 2H* (fast) [8] 
| 
H* + OH-—->H.O (fast) [9] 


SHOR 1/2) ©), => (fast) [10] 
An alternate mechanism would involve adsorption of 
a single molecule of O, as in Eq. 4 and the subsequent 
formation of S,~ in Eq. 7. 

| 


The symbol | is used to denote a surface site or 
| 


product of reaction at the surface. Electrical neu- 
trality must of course be maintained by the presence 
of gegen ions of the proper charge. It is not intended 
in these reactions to indicate how oxygen is adsorbed 
on the active site. The character of the curves of Fig. 
2 indicates molecular adsorption. This does not 
necessarily imply physical adsorption, since the 
molecular oxygen may possibly split on the sulfur 
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Fig. 6—Demonstration of the independence of KOH concentration. 


or in some way split between the surface molybde- 
num and the sulfur. Kinetically, such splitting will 
appear as molecular adsorption. Eq. 6 represents a 
step in which the adsorbed oxygen undergoes a 
configurational change creating an active site prone 
to the action of the hydroxyl ion. The molybdenum 
oxy-hydroxide ion, MoO,(OH)*, proposed in Eq. 7 
is not unlikely, since molybdenum oxy-sulfate, 
MoO.(SO,), and MoO”, are known.” The interme- 
diate thiosulfite ion, S.0.~, or perhaps 2 SO’, pro- 
vides a proper step in terms of oxygen and charge 
balance to explain the end products observed. These 
two intermediates would be very unstable and 
would react immediately at or near the surface 
according to Eq. 10. The final presence of sulfate 
ion, SO, -, results from further oxidation of thiosul- 
fate in basic solution according to the reaction 


The addition of this reaction results in Eq. 1. 


The present development is based upon a steady- 
state treatment in which the concentration of sur- 
face reactant is considered to be constant for any 
one set of conditions. These data may be treated in 
a similar fashion by considering surface equilibrium 
for adsorption of oxygen. Arguments will be pre- 
sented, however, which indicate that equilibrium 
was not attained. If the fraction of total available 
sites covered with oxygen is considered (i.e., 
Mos, ...20, sites) as 6, under the steady-state treat- 
ment rate of formation of the MoS,...20O, sites is 
just balanced at the rate at which they disappear.” 


Accordingly, from Eqs. 5 and 6 


dé 


The quantity (1—@) represents the fraction of the 
available surface present as MoS, ... 2O,. This implies 
that reaction (Eq. 4) is so fast that the fraction of 
the available surface sites completely uncovered by 
oxygen (MoS.) is negligible. The constant k, con- 
tains the terms necessary to convert from surface 
coverage to the true surface concentration, surface 
roughness, and the fraction of the number of surface 
sites that are active. The constants k, and k, repre- 
sent the specific reaction rate constants for the for- 
ward and the backward reaction, respectively, of 
Eq 5. The constant k, represents the specific reac- 
tion rate constant for the reaction of Eq. 6. From 
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Eq. 12 the value of 96 may be written in typical 
Langmuir form: 


[13] 


Rate of the reaction was experimentally determined 
by the rate of the appearance of MoO, in solution. 
Since the reaction represented by Eq. 7 is very fast, 
the rate of formation of MoO,~ is determined by the 
rate of formation of the intermediate MoO.(OH)* 
according to Eq. 6. Therefore, 


d(MoO,— 
dt 
Combining Eqs. 13 and 14 results in Eq. 15: 
ky 
Rate = ee [15] 


which, at constant temperature, can be written as 
Hq. 16: 

Kak 

1 + k, 
where k, = k,.k, and k, = k./(k. + This repre- 
sents the conditions of the tests presented in Fig. 2. 
Each curve was determined at constant temperature 


and at a constant KOH concentration of 2.6 mols 
per liter. Solid lines drawn through the experimen- 


Rate = [16] 
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Fig. 7—Eyring plot for calculation of AHs+. 
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tal points of Fig. 2 are the theoretical calculated 
curves according to Eq. 16. Plateau values of the 
curves represent complete surface coverage or §—>1. 
These plateau values therefore represent the k, 
terms at each temperature. From this and one 
other point on each curve the value of k, may be 
determined for each isotherm according to Eq. 16. 
The term k,/(k,+k;,) approaches the equilibrium 
constant K as k,; becomes small compared to k,. 
Thus, k,>K and then represents the equilibrium 
adsorption of oxygen in Eq. 5. From the curves of 
Fig. 2 the values of k, were found to be 234, 300, 
378, and 480 at the temperatures of 112°, 125°, 
140 » and 156°C respectively. Since all surface ad- 
sorption processes must be exothermic, i.e., K must 
decrease with an increase in temperature, this in- 
crease in the value of k, with temperature indicates 
that equilibrium was not attained. For this reason, 
the second alternative ks>>k, must be chosen and 
the steady-state treatment adopted. 


The effect of varying hydroxyl ion concentration 
is irregular from what might be expected. The 
curves of Fig. 3 were determined for various KOH 
concentrations at a constant over-pressure of oxy- 
gen of 400 psia and a constant stirring speed of 750 
rpm. The concentration of oxygen dissolved in the 
KOH solution was not a constant due to the varia- 
tion of the solubility of oxygen in the various con- 
centrations of KOH, as indicated in Fig. 4. The 
effect of varying the hydroxyl ion concentration 
can be explained by considering the two sections of 
each of the isotherms separately. In the first section 
the solubility of oxygen in the dilute KOH solution 
is sufficient to supply an adequate amount of oxygen 
to the surface of the molybdenite in order to support 
the reaction. In this section, however, the hydroxyl 
ion does not diffuse to the surface fast enough to 
continue the reaction. Thus the rate of the reaction 
increases as the hydroxy] ion is increased. At a con- 
centration of approximately 1.0 mols per liter the 
rate of supply of hydroxyl ion to the surface be- 
comes equal to the rate of formation of active oxi- 
dized surface sites. Beyond this point, as the hy- 
droxyl ion concentration continues to increase, 
oxygen solubility is limited to such an extent as to 
hinder the reaction by not supplying a sufficient 
amount of oxygen to maintain the oxidation reac- 
tion at an equal or faster rate than the reaction with 
the hydroxyl ion. In this section of the curves the 
rate thus becomes zero order with respect to KOH, 
since the overall rate now depends on the rate of 
formation of active oxidized surface sites which are 
removed by reaction with hydroxyl ion as soon as 
they are formed. The only hydroxyl dependency is 
manifest by the solubility of the oxygen in the KOH 
solution. This last point is clearly demonstrated by 
the fact that it is possible to intermix the experi- 
mental data of Fig. 2, determined at a constant KOH 
concentration of 2.6 mols per liter and at various 
oxygen over-pressures, with the hydroxyl ion inde- 
pendent data (above 1.0 mols per liter KOH) of Fig. 
3 determined at various KOH concentrations and at 
a constant oxygen over-pressure of 400 psia. These 
data are shown in Fig. 6 where the rate of the reac- 
tion is plotted vs the concentration of oxygen dis- 
solved in the KOH solutions. The data indicated by 
the open symbols are those obtained from Fig. 2; 
data indicated by the closed symbols are obtained 
from Fig. 3. 


Thermodynamic Considerations: Using the steady- 
state treatment and the Absolute Reaction Rate 
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Aut = 5.24 Kcal/mole 
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Fig. 8—Eyring plot for calculation of AH:+ — AHs*. 


Theory, 
Ky = = Ke [—aF. /RT] 

= [—aH, /RT] exp [AS. /R]. 
The slope of the Eyring plot of In k,/T vs 1/T 
should give the value of hae Fig. 7 represents 


such a plot, from which it was found that AH, is 
equal to 6.60 kcal per mol. This represents the 
heat of activation for reaction (Eq. 6) which in- 
volves rearrangement of the adsorbed oxygen on 
the surface. Likewise, it can be shown that 


1 


k + + 
ky = = exp [18] 


= exp[—(AH, — AH, )/RT]Jexp[ (AS, — AS; )/R]. 
The slope of the Eyring plot In k, vs 1/T gives a 
+ 
value of AH, — AH,. Fig. 8 shows that AH, — AH, 


is equal to 5.24 kcal per mol. By difference, AH. 
is found to be equal to 11.84 kcal per mol. This 
represents the heat of activation for adsorption of 
oxygen onto the surface of the molybdenite accord- 
ing to Eq. 5. 

It is interesting to make an approximation of the 
number of surface sites actually involved in the 
leaching process. If a rate is selected where 6 = 1, 
Eq. 5 can be used to calculate k,, which contains 
the factors: ksz, surface roughness; K4or, the fraction 
of the total number of surface sites activated; and 
k’, the geometric number of molecules per unit area 
of surface. Calculation of the number of MoS, sites 
on the principle cleavage plane of molybdenite— 
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the 0001 plane—gives the value of approximately 
4.95 x 10” mols per cm*. The difference in entropies 


AS, — AS; can be calculated from the relationship 


3: + 
j ies (AH, — AH; ) (AS, — AS; ) 
= — 


Ks RT R 


[19] 


= 

This gives a value of 24.45 eu per mol. AS,, the 
entropy change associated with the adsorption of 
oxygen onto the surface of the molybdenite, can be 
estimated by the use of the B.E.T. assumption that 
the energy of adsorption is approximately equal to 
the energy of liquifaction of adsorbed gas. The free 
energy of activation for each of the processes can 
be calculated by the thermodynamic relationship 


[20] 


Table II shows the percentage of active sites for 


Table Il. Estimation of the Number of Active Surface Sites 


= Ko, Active Sites, Pct 
ASi AS3 Mols 
Eu per Mol EuperMol Per ksrkacr Ksr=1 ksr=10 
0 — 24.45 1.7x1012 3.4x10-4 0.034 0.0034 
—6.00 —30.45 1.3x1014 2.6x10-2 2.6 0.26 
—12.00 — 36.45 7.9x1014 1.6x10-1 16.0 1.60 


several estimations of AS, calculated at the condi- 
Lions P= 400 = x10" 
mols per liter), KOH = 2.6 mols per liter ([dos-] = 
2.34), and Rate = 0.530 mg per cm’. min (3.33 x 10” 


mol per cm’. sec). Values of nse = —6.00 eu per mol 
and Ksz = 10 may be selected as being nominal esti- 
mates of the entropy of adsorption and of the sur- 
face roughness factor. In this case, the number of 
active sites is approximately 0.26 pct of the number 
of total surface sites. This suggests that the face of 
a molybdenite platelet is relatively inactive and that 
the reaction probably occurs at the edges of these 
platelets, removing MoS, in a series of steps. 


Commercial Application 

The product of the leaching process is a pregnant 
liquor carrying the desired molybdenum plus any 
other alkali-soluble metals that may have been 
present in the ore. Such a process, if applied to mo- 
lybdenite ores containing appreciable quantities of 
rhenium, would result in a liquor containing potas- 
sium perrhenate as well as potassium molybdate. 
This liquor could then be treated by ion exchange 
or by solvent extraction to separate the rhenium 
from the molybdenum. 

The sands flotation treatment in the molybdenum 
circuit, such as is currently used to separate molyb- 
denum sulfide from the underflow of copper flotation 
circuits, could be eliminated by application of this 
process for dissolution of molybdenum. The de- 
pressed molybdenite plus the gangue material re- 
moved following the bulk sulfide step should be 
directly applicable to such a leaching process. 

A novel application of this high temperature leach 
process has been devised in which use is made of 
waste pickle liquors to produce ferro-molybdenum 
for steel alloying. A feature of this process is the 
fact that the leachant can be recovered by treating 
the spent leach solution with hydrated lime. The 
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calcium sulfate formed is filtered off, leaving the 
desired potassium hydroxide. The ferric molybdate 
produced by reaction between the pickle liquor and 
the leach liquor can be added to the steel melt di- 
rectly or reduced to ferro-molybdenum in an elec- 
tric furnace. 


Conclusions 


Molybdenum sulfide was found to leach readily in 
KOH solutions at relatively moderate oxygen pres- 
sure and temperature. The observed kinetics of the 
reaction can be explained by a steady-state analysis 
involving adsorption of oxygen at the surface fol- 
lowed by a configurational rearrangement of the 
oxygen on the surface. The oxidation product is 
then removed from the surface by a reaction with 
hydroxyl ion forming a water-soluble molybdate. 
The hydroxyl ion dependency is believed to be dif- 
fusion-controlled. A secondary hydroxyl ion de- 
pendency is due to a decrease in the solubility of 
oxygen in increasingly concentrated solutions of 
KOH. Heat of activation for adsorption of oxygen 
was found to be 11.84 kcal per mol. Heat of activa- 
tion for the configuration change was found to be 
6.60 kcal per mol. The small apparent number of 
active sites present suggests that the reaction occurs 
predominantly at the edges of the molybdenite 
platelets. 

Although the process of high temperature leach- 
ing of molybdenite and some of its suggested appli- 
cations may not be economically feasible at the 
present state of technology, it is felt that further 
application of such systems will produce a tech- 
nique that will allow a process of this type to com- 
pete favorably with existing processes. 
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Corrosion Problems Pumping 


Acid Mine Water 


by C. D. Clarke and G. Reinberg 


underground mining operations are de- 
pendent on pumping installations to keep the 
mine unwatered. The reliability of such installations 
is obviously of paramount importance. The volume 
of water to be handled is often considerable, and 
the total head is relatively high. In these cases, both 
capital cost and operating expense of the pumping 
installations will become significant factors in over- 
all mining costs. 

To insure reliability and to keep efficiencies, and 
hence operating costs, within acceptable limits it 
goes without saying that mechanical maintenance 
of a mine pumping installation must receive scru- 
pulous attention at all times. Large mine pumping 

C. D. CLARKE, Member AIME, is Mine Superintendent at Cerro 
de Pasco Corp., Peru. G. REINBERG, Member AIME, is a Consult- 
ing Engineer, New York City. 

TP 4252A. Manuscript, Feb. 20, 1956. New York Meeting, Febru- 
ary 1956. 


installations today almost invariably use multistage 
centrifugal pumps, since positive-displacement units 
would not be economically competitive except under 
very unusual conditions of small volume combined 
with extremely high heads. Centrifugal pump main- 
tenance, under ideal circumstances, would be con- 
fined to parts subject to normal running water, Le., 
bearing surfaces, stuffing box packing, and shaft 
sleeves. Under adverse conditions, however, metal 
may be lost from the wetted surfaces of a pump by 
erosive or corrosive action of the pumped fluid, and 
maintenance costs can easily attain enormous pro- 
portions. 

The following definitions are those most generally 
used for the phenomena encountered. 

Erosion is a general term meaning mechanical re- 
moval of material from a surface. As applied to 
pumps, it may be the result of simple abrasion, such 
as that produced by suspended solid matter in the 
liquid being pumped. In common with other hy- 
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Fig. 1—Cerro de Pasco mine drainage section, acid water pumping system. Station 1: three 8-in., three-stage SD volute pumps, 
800-hp motors, 1190 rpm. Capacity 2000 gpm against head of 1040 ft. Station 2: same as pump station No. 1. Station 3: one 
8-in., two-stage SD volute pump, 500-hp motor, 1190 rpm. Capacity 2500 gpm against a head of 500 ft. 
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draulic machinery, however, pumps are also subject 
to a special and often very severe type of erosion 
resulting from cavitation. Cavitation is encountered 
when the absolute pressure at some point in a body 
of liquid falls to a value lower than the vapor pres- 
sure of the liquid at that point, causing the forma- 
tion of a bubble of vapor, which is suddenly con- 
densed when the conditions which caused the for- 
mation of the bubble are reversed. The collapse of 
the vapor bubble causes an impact shock capable of 
producing extensive erosive damage in areas where 
cavitation is persistent. 

Corrosion is the result of chemical action, the 
material of the corroded surface being converted 
to a compound, which leaves the surface either in 
solution in the corroding fluid or by subsequent ero- 
sion. It is convenient practically, though not scien- 
tifically rigorous, to distinguish between three types 
of metallic corrosion: 1) chemical, meaning the case 
in which the metal combines with anions in the cor- 
roding fluid by virtue of its own electrolytic solu- 
tion pressure; 2) electrolytic, if the corrosion is 
produced by current flowing from an outside source; 
and 3) galvanic, a special case of electrolytic corro- 
sion in which the source of corroding current is a 
primary cell formed either by the contact of two 
metals of dissimilar solution potentials with each 
other and with a common electrolyte, or else by the 
contact of a single metal with an electrolyte of 
varying concentration. 

It will be apparent that almost any combination 
of such deleterious conditions may arise in mine 
pumping installations. The avoidance of cavitation 
under normal operating conditions is essentially a 
design limitation, but also requires that liquid be 
supplied to the pump suction at an absolute pressure 
safely above the net positive head (NPSH) required. 
For a given pump design, the required NPSH is a 
characteristic function of the discharge conditions. 
The difference in elevation of the pump centerline 
and the water surface in the suction sump which 
will provide the required NPSH is a function of the 
water temperature, the barometric pressure, and 
the friction losses in the suction piping. All these 


factors must be properly correlated in planning an 
installation and fixing its operating limits. Under 
adverse conditions, such as high-water temperature, 
high altitude, or unavoidable suction lift, the only 
economical solution may be to use low-head booster 
pumps to supply water to the main pumps, but it 
is naturally preferable, if at all possible, to provide 
for an adequate minimum elevation in the suction 
sump. Local cavitation may also arise at times from 
some abnormal condition such as high velocity leak- 
age due to wear or gasket failure and this will re- 
sult in rapid and widespread erosion unless prompt 
corrective measures are taken. 


Erosion caused by the presence of suspended solids 
may be difficult to avoid in some mine pumping 
systems, though provision of sumps of adequate 
settling capacity and a means of cleaning the sumps 
when required usually gives sufficient protection. 
This point requires special consideration when poten- 
tially corresive conditions are also present. 


Chemical corrosion is a potential hazard in the 
case of many metal mine pumping systems. Ordi- 
narily acid mine water does not contain free acid 
radicals, but carries in solution metallic salts such 
as those of copper, which make such water corro- 
sive to any less noble metal which can chemically 
replace the dissolved metal ions. Such waters have 
a low pH, due to hydrolysis, and also provide an 
electrolyte of high conductivity in which galvanic 
couples can occur, unless great care is exercised in 
the selection of materials of construction. Pumps 
having all wetted parts of selected bronze compo- 
sitions are satisfactory in many cases, but the su- 
perior chemical and mechanical properties of more 
expensive stainless steels of the 316 or higher alloy 
types often justify their use. This question is par- 
ticularly worthy of consideration in the case of high 
head installations, where use of the more expensive 
metal may permit the selection of higher rotative 
speeds and hence pumps of smaller physical dimen- 
sions and cheaper driving motors. 


Although a metal may resist chemical corrosion 
or mechanical abrasion when either condition is 
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Fig. 2—Cerro de Pasco mine negative ground line system. See caption, Fig. 1, for data on pump station equipment. 
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present alone, it is usually unsatisfactory for pump 
construction when both effects are present. Many 
metals and alloys develop a passivity to chemical 
corrosion under static conditions, by virtue of the 
formation of an insoluble and impervious surface 
layer of a compound which is a product of the initial 
chemical corrosion of the clean metal surface. In 
cases where this layer is continually abraded or 
eroded to expose a clean surface, both corrosion and 
erosion continue at a rapid rate, although neither 
process could continue in the absence of the other. 
For this reason, special care must be taken in selec- 
tion of materials for pumps which are subject to 
both corrosive and abrasive conditions. 

Electrolytic corrosion by stray current from out- 
side sources is an added hazard in certain instances, 
particularly with underground installations. In metal 
mines having electrical trolley haulage, every care 


must be taken with the negative return system, since 
good track bonding is very difficult to maintain. If 
acid water of high conductivity is also present, 
serious electrolytic corrosion problems from stray 
current may arise. Due to the relatively high elec- 
trical potentials which exist in this case, there is no 
practical metallic material which is immune to this 
type of corrosion, and elimination of the stray cur- 
rents themselves is the only possible solution. There 
may be a similar though more localized problem 
when direct-current welding sets are used under- 
ground. 

At the Cerro de Pasco mine in Peru this difficulty 
was superimposed on the corrosion problems that 
usually occur when acid mine water is handled. 
Damage was also caused by an unsuspected stray 
current. Details of the operation at Cerro de Pasco 
are given here. 


Galvanic and Stray Current Corrosion on Acid Mine Water Pumps 


at the Cerro de Pasco Mine 


Cerro de Pasco mine pumping installations handle 
approximately 3700 gpm in order to keep the mine 
drained. Of the total 3700 gpm, 2500 gal are acid 
mine water and the remaining 1200 gal are fresh 
water. The water is segregated in the mine and the 
two pumping systems are independent of each other. 

Fig. 1 indicates the flow of acid mine water from 
the three pumping stations on different levels. The 
acid water is gathered in the 52 winze beneath the 
2500 level at the bottom of the mine, on the 2100 
level, and on the 1200 level. Pumped from the 2525 
level station at the 52 winze to the 2100 level, it 
flows by gravity to the 2125 level station. From the 
2125 station it is pumped to the 1200 level, where 
it flows by gravity to the 2125 level station. From 
there it is pumped to the surface. 

Pumping Equipment, Maintenance, and Costs: 
Each of the two principal pump stations, the 1225 
and the 2125, was originally equipped with three 
sets of Worthington centrifugal volute pumps. Each 
set of pumps consisted of two Worthington bronze, 
8-in., three-stage SD volute pumps, coupled in series. 
Each set was directly coupled to an 800-hp, 2300-v, 
three-phase, 1190-rpm motor, one pump at each end 
of the motor. Capacity of these pumping units was 
2000 gpm against a head of 1040 ft. 

The original Worthington pumping units, installed 
in 1926, have operated continuously and satisfac- 
torily. According to the records the pumps showed 
signs of wear in 1941. In the three-year period from 
1941 to 1944 the 12 pumps of the six units were 
brought into the Cerro shops and given a complete 
overhaul. Worn parts of the casings were built up 
by arc welding with Aerisweld bronze rod of 3/16-in. 
diam applied at 130 amp. After rebuilding with the 
welding rod the casings were machined and fitted 
with oversize return channels and oversize stage 
pieces. All oversize parts were cast in the Cerro 
foundry and machined in the Cerro de Pasco shops. 

Reconstruction of the pumps was successful, and 
for the next seven years pumping costs and main- 
tenance were normal. Late in 1951 costs began to 
rise and maintenance work increased. Maintenance 
difficulties continued in 1952 at a growing rate, 
when pumping costs rose sharply to a record total 
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of $112,600. This represented an increase of 29.2 pct 
in the period of one year and $61,769.00, or 121 pct, 
more than the average for the seven-year period 
from 1945 to 1951, when pump operating costs were 
considered normal. 

Causes of Pump Deterioration: Initially it was 
thought that development work on the lower levels 
of the mine, which was draining new areas in the 
pyrite orebody, was producing water of a lower pH. 
However, analysis of the acid mine water failed to 
reveal any radical change in the pH or composition 
of the water. The copper sulfate content was lower, 
but pH remained in the range of 2.5 to 3.0. Although 
a number of theories were advanced as to the origin 
of the pump damage observed, the actual cause of 
the rapid deterioration that was occurring was not 
isolated and identified for some time. 

Preventive Measures: In April 1953, when the 
pump maintenance and mine drainage problem be- 
came critical, it was almost impossible to obtain 
more than 14 days of service from a rebuilt and 
repaired pump. The pumps were being repaired in 
the usual manner, that is, built up with Aerisweld 
bronze welding rod, after which the cases were 
ground and the internal parts fitted in. 

As a further solution, therefore, interiors of the 
pump casings were painted with a rubber cement, 
Solufix, which is used for applying Linatex rubber 
to metal or other surfaces. This cement, though not 
a cure, did give some measure of protection and 
lengthened the short service period of the pumps. 
Other rubber cements such as neoprene cement and 
Pliobond, a Goodyear product, were also applied. 
Results with all these cements were about equal 
and relatively ineffectual. 

The interior of one pump casing was sprayed with 
lead and that of a second casing plated with silver. 
Although both gave better service than uncoated 
cases the relief was only temporary; casing corro- 
sion and erosion continued at an alarming rate. 

To obtain some temporary relief and to inhibit 
suspected electrolytic action on the bronze pump 
cases, plugs of metal lower on the galvanic series 
of metals were inserted into the interiors of the 
pumps through the drain plugs. Plugs of zinc and 
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Fig. 3—Protection of pumps from stray current and galvanic 
action. 


magnesium % in. diam by 5 in. long were used for 
this application. Action on the plugs was as antici- 
pated—they disintegrated very rapidly. In some 
pumps the plugs lasted only 4 hr. They did give 
some protection, but because of the heavy consump- 
tion, replacement of the plugs as often as required 
was impractical. 

Source of Stray Current: At this time the authors 
of this article directed attention to the probability 
that electrolytic corrosion by stray current from the 
mine haulage system was chiefly responsible for the 
trouble. Electrical readings taken on pumping equip- 
ment and pipelines confirmed the existence of stray 
current. The current was direct and the source was 
undoubtedly the 250-v de haulage system. 

Until July 1951 the motor generator sets, which 
convert 440-v ac to 250-v de for the mine haulage 
system, had been in a centrally located station on 
the 1000 level, adjacent to the Lourdes shaft (Fig. 2). 
To comply with the new Peruvian Mining Code, in 
July 1951 these motor generators were moved to a 
new location in the compressor house outside the 
mine. In their former position in the mine, the 
generators and the mine trolley system had a good 
return ground through the pyrite orebody and the 
track bonding. When the generators were moved 
to the surface no negative ground line was provided 
for grounding back to the source of power. The 
possibility of stray currents and the danger inherent 
in their existence had apparently not been thought 
of, or considered, when the transfer of the converting 
equipment had been undertaken. It is now known 
that from then on this stray current began to have 
its deleterious effect on the mine pumps. The cor- 
rosive action was cumulative, and as corrosion pro- 
gressed erosion in the pumps also increased, until 
in April 1953 the situation had reached the critical 
stage. The 2125 pump station was less affected than 
the 2525 and 1225 stations, which were at the ex- 
tremes of the mine trolley systems and consequently 
had stronger stray current to contend with. 

Eliminating Stray Current: As soon as the source 
of the stray current was located, measures were 
initiated to install a negative return system and 
ground. For this purpose a 397,500-cir mil un- 
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insulated aluminum cable was installed from the 
2525, 2125, and 1225 pump stations, through the 
2100 and 1200 levels and the Lourdes shaft, to the 
motor generator station in the compressor house 
(Fig. 2). Throughout its course this cable was 
grounded to the pumps, the pump columns, and the 
air and water lines. With installation of the ground 
cable the stray current from the mine haulage trol- 
ley system was eliminated and corrosion from this 
source was stopped. This ended the emergency and 
pump life was then extended to an average of five 
months, but maintenance was still expensive, and 
the pumps required constant attention and repair. 
With the doing away of the stray current from the 
mine trolley system the Aerisweld bronze welding 
rod used to build up worn sections of the pump 
casings gave fair service, but the slow corrosion and 
subsequent erosion of the pump cases continued. 

Galvanic Corrosion: Since the stray current cor- 
rosion had been identified and eliminated it was 
evident that the continued slower corrosion was due 
to some other action. All evidence then pointed to 
galvanic action of metals immersed in the electrolyte 
provided by the acid mine water. This was even- 
tually traced to small differences in composition 
between the parent metal of the pump casings and 
the repaired areas where worn sections had been 
built up with welding rod. By this time these areas 
had become extensive. 

Late in 1953 quotations and proposals were con- 
sidered for modern pumping units that would be re- 
sistant to the acid water conditions and give efficient 
service. After considerable study, two Worthington 
6-in., three-stage, type UZD-1 volute pumps were 
ordered. These were constructed of type 316 stain- 
less steel with Worthite alloy rotating parts. The 
new units are driven by direct-coupled 800-hp 
motors and operate at 3550 rpm. 

New Pumping Equipment: In February 1955 the 
first of the new units was placed in operation in the 
1225 pump station. After 14 days of operation the 
pump became noisy. Examination revealed that 
Monel metal casing rings and diaphragm bushing 
had been installed and that these parts had been 
corroded. This confirmed previous suspicision of gal- 
vanic action within the pumps. 

With the experience gained in the short operation 
of the new pump it was apparent how galvanic cor- 
rosion affected the anodic metal, monel, in this in- 
stallation. Type 316 stainless steel parts were ob- 
tained to replace the former Monel parts. Since 
installation of these parts there has been no further 
galvanic corrosion, and a second all stainless steel 
unit has been installed. After one year of continuous 
service the interiors of all stainless steel pumps are 
spotless and show no signs of corrosion or wear. 

Some of the pump discharge and suction line sys- 
tem is lead lined; the remainder is bronze pipe. The 
possibility of galvanic corrosion between those 
metals and the pumps has also been considered. To 
protect the pumps from possible corrosion from this 
source they have been insulated from their dis- 
charge and suction lines by special insulated flange 
couplings on the pipes, see Fig. 3. This insulation 
consists of two rubber washers and one fibre washer 
at the coupling. Bolt heads are also insulated by two 
rubber washers and one fibre washer. Bolts are en- 
cased in fibre tubing to insulate them from the 
flanges. 

To provide a preferred path for any possible stray 
current that might jump the insulation on the suc- 
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tion and discharge lines a heavy copper wire shunt 
was connected from the suction line to the discharge 
line beyond the insulated flanges. 

Evolution of Pump Corrosion: After the first pump 
rebuilding program, completed in 1944, galvanic 
corrosion in the mine pumps was slow until July 
1951. This was probably due to the relatively small 
area of Aerisweld bronze in each pump case and also 
to the greater content of copper sulfate in the mine 
water, which inhibited the action of the weak sul- 
furic acid mine water as an electrolyte. Regarding 
electrolytes, The Worthite News,’ a publication of 
the Worthington Corp., states: “Experiments in 
field applications have shown that the potentials can 
be reversed in such installations [galvanic reactions] 
in a matter of seconds by adding minute amounts 
of an oxidizing agent to the deaerated sulfuric acid, 
such as nitric acid, sodium chromate, copper sulfate, 
or ferric sulfate.” 

When the pumps were badly corroded by stray 
current after July 1951 the amount of Aerisweld 
bronze welding rod necessary to build up the cor- 
roded cases after that time was considerable and 
presented a proportionately larger area. The rough 
and relatively porous surface of these built-up areas 
provided a favorable environment for galvanic ac- 
tion. These factors, combined with electrolysis by 
stray currents, corroded the mine pumps rapidly. 

A typical analysis of the acid mine waters before 
precipitation of the copper is as follows: 


Copper content 0.30 gpl 
Free sulfuric acid content 2.5 gpl 
Ferric iron content 4.0 gpl 


Other constituents of the mine water are present 
in minor quantities and are not important. 


Conclusions: Stray currents that can cause serious 
corrosion are always direct current and are com- 
monly encountered in mines using direct current 
haulage systems. No test for the absence or presence 
of stray current should be depended on. A test might 
indicate no stray current one time, but a ground 
could occur and the resulting current could cause 
much damage before it was discovered. All installa- 
tions should be adequately protected from the time 
of installation and checks of their effectiveness 
should be made at regular and frequent intervals. 
Meter readings can be taken between the pump and 
the isolated pump column, with the suspected source 
of current first on and then off, and any variation in 
reading noted. 

Acid mine waters can be very good electrolytes 
and provide a favorable environment for galvanic 
corrosion. Insulating the pump adequately from 
stray currents also insulates it from the possibility 
of galvanic action from adjoining and connected 
equipment. Galvanic action within the pump can- 
not be controlled; equipment must be entirely of 
similar metals if such corrosion is to be avoided. 

There is no doubt that many pumping installations 
have suffered severely from the corrosive action of 
stray and galvanic currents. It is hoped that this 
discussion will be of value to others operating 
pumps in similar environments. 
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A Method of Preparing Closely Sized 


Micron and Submicron Fractions 


by R. W. Smith and R. J. Charles 


Fractions of glass particles in the size range 0.5 to 5.0 « 
were prepared by an elutriator that operates in a centrifugal 
field. Although mean sizes of commercially graded abrasive 
powders were ten times greater than those of samples pre- 
pared by the elutriator, frequency size plots for elutriator 
samples compared favorably. Efficiency of separation was low 
and amounts of material recovered by the elutriator were 
small, but the method should find use in preparation of small 
amounts of sized materials for laboratory investigations. 
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TUDY of light adsorption, reaction rates, electro- 

phoresis, particle packing, and corrosion is hin- 
dered by lack of a suitable method of preparing 
small amounts of closely sized materials in the 
micron and submicron range. Most fractionation 
methods depend on some form of particle movement 
through a viscous media in which velocity of a par- 
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Fig. 1—The centrifugal elutriator. 
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Fig. 2—Separating size as a function of rotational speed and 
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ticle, relative to the media, is controlled by particle 
size. Fractionation by settling at particle sizes of 
0.1 to 5.0 » is best by many difficulties, chiefly: 


1) Thermal currents and Brownian movement 
result in disordered particle motions at velocities 
comparable to settling velocities of the particles. 


2) The resolution obtained with ordinary light 
microscope techniques is not sufficient for satisfac- 
tory analysis of results of a separating operation. 


3) Flocculation prevents particles from acting as 
individuals and the settling characteristics of the 
particles are altered. 


In an attempt to develop a fractionating method 
applicable to the 0.1 to 5.0 » range, a separating de- 
vice employing elutriation in a centrifugal field has 
been studied. A number of steps were taken to 
obviate the difficulties listed above. Relatively high 
particle settling velocities were obtained by employ- 
ing high centrifugal force fields, minimizing the 
effects of Brownian motion. The electron micro- 
scope was used for visual observation of samples, 
and thus resolutions many times smaller than those 
possible with light microscopes were obtainable. 
Because high settling velocities permitted rapid 
separations, the time in which flocculation could 
take place was short. Further, washing and agitation 
of particles that formed into flocs was possible dur- 
ing the complete separation cycle. 


Description of Apparatus: Fig. 1 is a diagram of 
the centrifugal elutriator. A dilute water suspension 
of the particles to be fractionated enters the feed 
cylinder from a controlled flow jet. The suspension 
flows through the connecting tube and the centrifuge 
bottle under the action of a static head and a cen- 
trifugal force. Flow of water through the bottle 
carries. particles finer than a critical size over the 
lip of the bottle into the stationary receiving trough. 
Coarser particles remain in the centrifuge bottle. 
Flow of water and speed of rotation of the centri- 
fuge can be adjusted so that a particle size separa- 
tion can have any convenient value. Approximate 
values for speed of rotation and water flow for a 
specific size separation can be calculated from a 
modification of Stokes’ law’ for a stationary particle 
in a vertically moving fluid under the action of 
normal gravity. 


2 to 5 u sized fraction 


Fig. 3—Electron micrographs of sized fractions prepared by the centrifugal elutriator. 
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Fig. 4—Frequency plots of sized fractions. 


Stokes’ law is as follows: 
Upward viscous flow Downward force of 
force on particle = gravity on particle 


4/3a7° (p, pi)g [1] 


where 7 = coefficient of viscosity of fluid, v = criti- 
cal fluid velocity, r = particle radius, p, = density 
of particle, p, = density of fluid, and g = accelera- 
tion of gravity. 

For a particle in the bottle of the centrifugal 
elutriator the force acting radially inward corres- 
ponds to the viscous flow force. The radially acting 
outward force, corresponding to force of gravity in 
Eq. 1, depends on rotational speed and direction of 
the bottle of the centrifuge and is given by the ex- 
pression 4/3z7r*(p,— p:)xw, where x is the particle 
distance from the center of the centrifuge and o is 
the angular velocity of the centrifuge. Therefore, 
for a particle in equilibrium in the centrifuge the 
modified form of Stokes’ law becomes 


6rrnv = 4/377°(p, — pi) Lo” [2] 


or for a given separating diameter and for a specific 
centrifuge, 


d, = \/18 Vn/Ax(2aN)* (ps — pr) [3] 


where d, = separating size in centimeters, A = 
cross-sectional area of centrifuge bottle at point of 
discharge in cm’, V = volumetric rate of flow in 
cm® per sec, x = distance from center of rotation to 
point of discharge of the centrifuge in centimeters, 
and N = rotational speed in revolutions per second. 

Eq. 3 has been solved for the centrifuge under in- 
vestigation and for various values of separating 
size. Solutions are given graphically in Fig. 2. 

In simple elutriation the velocity of fluid re- 
quired to keep a particle in equilibrium is pro- 
portional to acceleration of gravity, g, while in the 
centrifugal elutriator this velocity is proportional to 
the centrifugal acceleration at the particle position, 
xo. Thus in the centrifugal elutriator the velocity of 
fluid moving radially inward necessary to keep a 
particle in equilibrium is greater by the ratio 
xw?:g than the flow necessary in a simple elutriator. 
The ratio xw*:g may be the order of 10 to 5000 for 
practical design purposes. 

Since the velocity of the moving fluid controls 
the rate at which fine material may be removed 
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from an elutriator, it is apparent that the centrifugal 
elutriator should effect a separation of fine material 
much quicker than a simple elutriator. Also, since 
the elutriator forces acting on the finer particles are 
proportionally greater, it should be possible to ob- 
tain finer size separations. 

Materials Used: Spherical glass beads were used 
as feed material in the elutriator tests in order to 
simplify particle counting procedure and to satisfy 
the conditions required by Stokes’ law. The beads 
were made by crushing plates of glass in a jaw 
crusher, grinding the glass in a small Abbe porce- 
lain mill, and then shooting the glass particles into 
an acetylene flame to make them spherical. After 
spheroidizing, the sample was run through an Inter- 
national Chemical centrifuge with a basket attach- 
ment in order to obtain a sample that contained only 
a very few particles larger than 10 uz. 

Attempts were made to prepare dispersed suspen- 
sions of the glass beads in ordinary distilled water 
and in conductivity water. Those suspensions pre- 
pared with distilled water tended to flocculate and 
the particles settled out after standing several hours, 
while those prepared with conductivity water re- 
mained in suspension for weeks. As a result of this 
finding the feed suspension used in all tests was 
prepared in conductivity water. 

Experimental Results: Size Fractionations: Tests 
were run with the centrifugal elutriator to obtain 
sized fractions between 5 and 2 yp, between 2 and 1 
pw, and between 1 and 0.5 w. To obtain these frac- 
tions a size separation was made of the feed material 
at the maximum desired size, taking the overflow for 
feed to the elutriator and making a size separation 
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Fig. 5—Comparison of air pulse and water suspension meth- 
ods of sample preparation. 
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Figs. 6, 7, and 8—Size analyses of products from elutriator separations. 


at the minimum desired size. The material remain- 
ing in the centrifuge bottle from the last separation 
was the desired size fraction. Conditions for operat- 
ing the centrifuge for various size separations were 
obtained from the graph, Fig. 2. 

Electron micrographs were made of the fraction- 
ated products from which particle size counts could 
be made. Fig. 3 shows mosaics of electron micro- 
graphs of three size fractions obtained, and Fig. 4 
shows frequency plots for the particles in the frac- 
tionated samples. Included in Fig. 4 are frequency 
plots of graded carborundum powders, prepared 
commercially by Carborundum Corp. and consid- 
ered examples of good fractionation. Frequency 
plots of the materials prepared by the centrifugal 
elutriator compare very favorably with those of the 
graded carborundum powders, even though the 
mean sizes of the latter graded samples were ten 
times greater than those of the samples prepared by 
the elutriator. 

Unfortunately the amounts of material recovered 
in the fractionations by the centrifugal elutriator 
were small. In general, for a test of 1 g of material 
in 1 liter of water, between 20 and 50 mg of frac- 
tionated material would be recovered. To estimate 
recoveries obtained in the size fractionations and to 
determine whether the centrifugal elutriator could 
be applied to the quantitative measurement of size 
distributions in the micron range, a number of sep- 
aration tests were made in which the size distribu- 
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tions of feed, overflow, and material retained in the 
centrifuge bottle were measured. 

Size Separations: By means of sedimentation- 
decantation of portions of the original material pre- 
pared in the flame spheroidizer, a sample containing 
spherical glass particles less than 5 » and a sample 
containing glass particles less than 10 » were pre- 
pared. These two samples were used as feed to the 
centrifugal elutriator for various size separation 
tests. 

To check reproducibility of the particle size count- 
ing techniques and of sample preparation for the 
electron microscope, size distribution curves for the 
—5 uw feed sample were obtained from micrographs 
of specimen grids prepared in two dissimilar ways. 
It was believed that if the size distribution curves 
obtained were similar, confidence in the methods of 
preparation would be warranted. One method of 
specimen grid preparation was to allow a drop of 
a dilute water suspension of the material to dry on 
the grid. The other method was to distribute a small 
amount of the dry sample, by means of an air pulse, 
at the top of a closed tube and allow the dust par- 
ticles to settle on a specimen grid placed at the bot- 
tom of the tube. Electron micrographs of a large 
number of different fields of the specimens were 
made and about 1000 particle counts were made for 
each specimen. Fig. 5 shows size distribution curves 
obtained for the —5 » sample. The resulting good 
check indicated that both sample preparation and 
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if 
= + 


particle counting techniques would be satisfactory 
for the size separation tests. 

From the graph given in Fig. 2 flow rates and 
centrifuge speeds were selected so that size separa- 
tions at approximately 0.5, 1.0, and 3.0 » could be 
made. In each case 1 liter of suspension containing 
about 1 g of feed material was passed once through 
the elutriator. After the suspension had been run 
through the elutriator, about % liter of wash water 
was passed through at the same feed rate as the 
previous suspension. Products from the separation 
were collected, samples prepared and examined, and 
particle counts made. Figs. 6, 7, and 8 illustrate re- 
sults of these tests and show for each test that, al- 
though a size separation took place near the pre- 
dicted separating size, considerable material finer 
than separating size remained in the oversize mate- 
rial. Recovery graphs, Fig. 9, show how much of 
each size fraction in the feed reported in each of the 
elutriator products. Actual separating size for a test 
is given by the intersection of recovery curves for 
the test. The intersection occurs where 50 pct of the 
particles of a certain size report as undersize and 
50 pet as oversize. The steeper the slopes of a pair 
of curves at their intersection, the better the separa- 
tion. If the elutriator were 100 pct efficient, the 
undersize curve would be a straight line at 100 pct 
from a minimum size to the separating size, and the 
oversize curve would be a straight line at 100 pct 
from a maximum size to the separating size. 

Fig. 9 shows, as in the previous figures, that con- 
siderable undersize material is left in the oversize 
fraction after the separation. For the results shown 
only about 80 to 85 pct of the particles of a size one 
half of the separating size were removed in the 
undersize product. The curves show, however, that 
although fines were left in the oversize product little 
material greater than separating size reported to the 
undersize product. These results indicate that if 
flocculation of the fine particles around larger ones 
could be prevented, relatively sharp separations 
might be obtained in the elutriator. 

The elutriator may be considered a type of classi- 
fier and the efficiency of classification calculated by 
means of Taggart’s formula’ as follows: 

10,000 (c—f) (f—t) 

=e) 

where E = classification efficiency, f = percent of 
material less than separating size in feed, c = per- 
cent of material less than separating size in overflow, 
and t = percent of material less than separating size 
in underflow. Results of the application of this for- 
mula to the above separating tests in the elutriator 
are given in Table I. 


Table |. Classification Efficiency of the Centrifugal Elutriator 


Test Separating Size, uw Classifier Efficiency, Pct 
A 0.55 50 
B 0.95 70 
85 3.2 54 


Efficiencies given in Table I are of the order of 
magnitude achieved in commercial classification in- 
stallations, but they are not high enough to permit 
measuring size distributions by a method employing 
classification at the above efficiencies. For example, 
determination of size distributions by careful lab- 
oratory screening would, on the basis of the above 


TRANSACTIONS AIME 


100 
UNDERSIZE 
FROM 34 
SEPARATION 
sof 
UNDERSIZE 
FROM 0.5y 
60 SEPARATION — \ 
UNDERSIZE OVERSIZE 
5 FROM 4 FROM 3/7 
a SEPARATION SEPARATION 
OVERSIZE 
FROM 0.5 
SEPARATION — 
\ 
OVERSIZE 
FROM 4 
SEPARATION 
| 
oO. 0.5 { 5 10 


SIZE, 
Fig. 9—Recovery curves for elutriator separations. 


formula, give size separations at nearly 100 pct 
efficiency, and any size separation technique to be 
used for determination of size distributions should 
have an efficiency of separation of 80 pct or better. 


Summary and Conclusions 


An elutriator in which a centrifugal action was 
incorporated has been constructed and tested for 
size fractionations and size separations in the micron 
and submicron range. Small amounts of well frac- 
tionated material of 0.5 to 5.0 » size were prepared 
with the elutriator. Such samples may be of consid- 
erable value in physico-chemical studies where fine- 
ness and closeness of size is an important factor. 

Separation tests with the elutriator show that 
efficiency of classification is of the same order as 
that of laboratory and commercial classification 
units. The relatively low efficiencies obtained were 
attributed mainly to the difficulty of maintaining 
the material to be separated in a satisfactorily dis- 
persed state. Higher efficiencies of separation than 
those obtained throughout the tests would be neces- 
sary if the centrifugal elutriator were to be used to 
determine size distributions in the micron and sub- 
micron range. 
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Flocculation of Mineral Suspensions With 
Coprecipitated Polyelectrolytes 
by Milton E. Wadsworth and Ivan B. Cutler 


Coprecipitation of anionic and cationic polyelectrolytes has been applied to floccula- 
tion of several mineral systems. Results obtained in a study of the flocculation of kaolinite 
and hematite suspensions of polycationic and polyanionic electrolytes are presented. 
Greatly increased settling rates were observed following precipitation of positive and 
negative polyelectrolytes on the surface of finely divided minerals in aqueous suspension. 
The ratios of polycationic to polyanionic electrolytes required to produce maximum sedi- 
mentation have been shown to correspond closely with the equivalence points obtained by 
light scattering studies of systems containing the positive and negative polyelectrolytes 


by themselves. 


ISPERSION of colloids has been of interest to 

surface chemists for many years. Flocculation 
studies have been employed to evaluate the limits 
of colloid stability. In water suspensions, colloids 
become unstable and flocculate when the ¢ potential, 
the potential of the kinetic solvation sheath, falls to 
a value at which van der Waals forces may act to 
draw the particles together. This may happen 
through an adjustment of the pH of the suspension 
or by addition of a salt. Optimum conditions for 
rapid formation of large flocs are found in the re- 
gion of minimum ¢ potential. 

In addition to these well known considerations, 
colloids in water suspensions are known to be floc- 
culated by certain large organic macromolecules. 
These polyelectrolytes in some cases minimize the ¢ 
potential and in other instances increase the attrac- 
tive forces by supplying sites for hydrogen bonding.* 

Use of organic polyelectrolytes in flocculation of 
mineral colloids has increased rapidly in recent 
years. These materials are now recognized as indis- 
pensable aids to fluid-solid separations in many ex- 
tractive metallurgical operations. They have been 
found to increase both the settling rate in thickeners 
and the filtration rate of filters. In the elucidation of 
the characteristics of these organic reagents as floc- 
culants in this laboratory, it was discovered that in- 
teraction of certain polyelectrolytes had a surpris- 
ingly good effect on flocculation of mineral colloids. 

Experimental Procedure: The anionic flocculants 
used in this study were Lytron 886 and 887, pro- 
duced by Monsanto Chemical Co. Both reagents are 
copolymers of vinyl acetate and maleic anhydride. 
Lime is added to Lytron 886, whereas Lytron 887 is 
all organic. These reagents possess two carboxyl 
groups for each acetate group and are therefore 
anionic in character. The cationic reagents used 
were the Peter Cooper Co. 1-X and 2-X glues. The 
structures are not definitely known, but the re- 
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Fig. 1—Typical settling curve for a 2 pct kaolinite pulp. 


agents are amines and are cationic in character. The 
glues were prepared in the chrome-alum form. Both 
types of reagents may be classified as polyelec- 
trolytes in that they are high molecular weight 
polymers and ionize in water. 

All data presented are in terms of sedimentation 
rate, measured in 250-ml glass-stoppered graduated 
cylinders. With suitable precautions such measure- 
ments are fairly reproducible and provide a sensi- 
tive means for selecting important parameters such 
as pH, reagent concentration, and floe size and den- 
sity.” Agitation was standardized with five complete 
end over end cycles of the suspensions in the stop- 
pered graduated cylinders. 
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Mineral systems investigated were the clay min- 
eral kaolinite from Florida (Edgar Plastic Kaolin 
Co.) and specular hematite (Cleveland Cliffs Iron 
Co.). The clay was acid washed with HC] at a pH of 
2, followed by successive decantations with distilled 
water until the pH was between 4.5 and 5.0. Clay 
suspensions, 2 pct by weight, provided optimum set- 
tling conditions. The specular hematite (—8 mesh) 
was ground for 20 min in an 8-in. steel laboratory 
ball mill using a 10-kg steel ball charge. The hema- 
tite ore contained approximately 40 pct iron and 
consisted predominantly of hematite and a siliceous 
gangue. Pulp densities of 15 pct by weight were 
found to provide optimum settling conditions. 

The mutual interaction of the polyanionic and 
polycationic flocculants was investigated by a method 
similar to that used by Fuoss and Sadek.® Reflect- 
ance of light from a suspension of the coprecipitated 
polyelectrolytes was measured with a diffuse re- 
flectance attachment on a Beckman DU spectropho- 
tometer. The Peter Cooper 1-X glue at a concentra- 
tion of 5 gpl was used as the reflectance standard 
for all tests. Scattering was measured at 850 my 
wave length with a constant slit opening of 2 mm. 

Experimental Results and Discussion: Fig. 1 plots 
a typical sedimentation curve for a flocculated min- 
eral suspension. Since time is required for flocs to 
grow to full size and for eddy currents resulting 
from agitation to subside, an induction period (a) is 
observed. With full-size flocs, sedimentation occurs 
(b) as constant rate until the flocs begin to compress 
each other at c. The lower curve represents two 
separate determinations at 2 mg Lytron 886 in 250 
ml of 2 pct kaolinite pulp. Several factors affect the 
sedimentation curve. Concentration of the mineral 
in suspension greatly influences the straight line 
portion of the curve. If too concentrated, the floc- 
culated mineral suspension will go into compression 
almost immediately. If too dilute, the mineral sus- 
pension will have an extended induction period and 
will show a diffuse interface between the flocs and 
the clear supernatent liquid above. The slope of the 
linear portion of the settling curve at b is taken as 
the settling rate. 

Figs. 2 and 3 illustrate the effect of Lytron 886 by 
itself as a flocculant for kaolinite and hematite. The 
maximum in the curve observed in the case of 
kaolinite, Fig. 2, is typical of results obtained at rel- 
atively high flocculant concentration. The curve for 
hematite, Fig. 3, does not drop off again, but in this 
ease there was a difference of approximately 300 
times in the amount of flocculant present per unit 
weight of mineral. Precipitation of flocculants at the 
mineral surface was observed to increase greatly 
the sedimentation rate in several mineral systems. 
Included here are results obtained on kaolinite and 
hematite. Figs. 4 and 5 illustrate sedimentation rate 
vs concentration of polycation (Peter Cooper 1-X, 
chrome glue). In each case a constant amount of the 
polyanionic reagent (Lytron 886) was added first 
and allowed to come to equilibrium with the min- 
eral surface before the variable amount of polyca- 
tion was added. 

The adsorption of anionic reagents has been sug- 
gested by Ruehrwein and Ward’ to be a result of 
anion exchange. These authors have also demon- 
strated mechanical bridging of the flocculant be- 
tween the mineral particles. French et al.* have 
demonstrated the presence of hydrogen bonding in 
such flocculated systems by means of infrared spec- 
troscopy. This is probably important in forming 
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Fig. 4—Effect of surface coprecipitation of polyanionic and 
polycationic electrolytes, the polyanionic adsorbed first on 
kaolinite. 


interparticle bridging and perhaps contributes to 
the particle flocculant interaction. Coprecipitation 
of polyanions with polycations has been observed 
by Fuoss and Sadek,’ Deuel et al.,° Ruehrwein and 
Ward,‘ and others. Studies reported here indicate 
this may also be accomplished on the surface of 
minerals by adding one of the polyelectrolytes first. 
Adsorption of a polyanionic reagent on the surface 
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of a mineral increases subsequent mineral-poly- 
cation interaction, the reaction now being predomi- 
nantly between the two oppositely charged poly- 
electrolytes. The improved flocculation observed 
may perhaps be attributed to the possibility that the 
hydrogen bond linkage causing bridging of the 
anionic flocculant between particles by itself may 
be replaced by a much stronger positive-negative 
charge interaction associated with the surface co- 
precipitate. Large stable flocs may be formed by 
this means. 

The ratio of polycationic to polyanionic flocculant 
necessary to provide maximum sedimentation was 
3.5:1 for kaolinite and 1:1 for hematite. Settling 
rates continue to increase as the flocculants are 
added in these ratios up to very large concentra- 
tions, suggesting increased interparticle bridging. 
In these systems the precaution of adding one re- 
agent to the mineral suspension before the other 
must be observed. If the polyanionic and poly- 
cationic flocculants are added together they will 
coprecipitate and little or no flocculation will result. 
Fig. 6 illustrates the results obtained with kaolinite 
in which the ratio of polycationic to polyanionic 
flocculation was maintained constant. The lower 
curve represents the sedimentation rate of kaolinite 
vs concentration of Lytron 886 added by itself. Sim- 
ilar curves are plotted in Figs. 7 and 8. Fig. 7 is a 
plot of settling rate vs total flocculant added for 
Lytron 886 and Peter Cooper 2-X glue. This glue is 
a protein similar to 1-X but lower in nitrogen con- 
tent. The equivalence point was found to be 10:1 
for the 2-X glue compared to 3.5:1 for the 1-X glue. 
The Peter Cooper 1-X glue was found to be a more 
effective flocculant than the 2-X form. Fig. 8 is a 
similar plot for Lytron 887 and Peter Cooper 1-X 
glue. Again a very marked increase in settling rate 
was obtained. The equivalence point in this in- 
stance was 4.2:1. 

The order in which the reagents are added is par- 
ticularly important. In the pH2 to 7 range for kaoli- 
nite it was found necessary to adsorb the polyan- 
ionic reagent first and add the polycationic reagent 
last. On microcline (feldspar) the reversed order 
(polycationic first) was necessary to flocculate the 
suspension at neutral pH. It appears, therefore, if 
the adjusted pH, and consequently the surface 
charge, is such that the polyanion can adsorb, the 
best effects ‘are obtained by adding it first. On the 
other hand, at pH values of high cation exchange 
the reversed order is most effective. This could not 
be clearly demonstrated for kaolinite at high pH, 
however, because of the cloudy overflow which 
could not be cleared. To obtain the improved set- 
tling rates illustrated in Figs. 4 and 5, any mineral- 
polyelectrolyte system must have the following 
characteristics: 1) there must be adsorption by 
hydrogen bonding, ion exchange, or ion pair adsorp- 
tion of either an anionic or cationic polyelectrolyte 
on the mineral surface and 2) the counter polyelec- 
trolyte must coprecipitate with the adsorbed poly- 
electrolyte. The importance of the second character- 
istic may be seen in the following study of the 
coprecipitation of anionic and cationic reagents used 
in sedimentation studies reported in Figs. 4 and 5. 

Precipitation of polyelectrolytes in the absence of 
mineral colloids resulted in large increases in light 
scattering, Light scattering was measured for sev- 
eral series of solutions made up to constant volume 
and consisting of fixed amounts of! one polyelectro- 
lyte and variable amounts of the counter polyelec- 
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Fig. 9—Light scattering curves for coprecipitation of Lytron 
886 with Peter Cooper 1-X chrome glue. Lytron 886 constant. 


trolyte. These titration curves at constant volume 
may be seen in Figs. 9 and 10. For each titration 
series in Fig. 9 the polyanionic concentration 
(Lytron 886) was held constant and in Fig. 10 the 
polycationic concentration (Peter Cooper 1-X) re- 
mained constant for any one series. Near the equiv- 
alence point the ¢ potential is sufficiently low to 
allow flocculation of the coprecipitate. This has been 
observed previously by Deuel et al.’ Flocculation of 
the coprecipitate is shown in Figs. 9 and 10 as the 
dotted sections of the curves. The diffuse reflectance 
measurements in this region yielded values of per- 
cent light scattering which decreased with increas- 
ing time. The similarity between the settling rate 
curves of Figs. 4 and 5 and the reflectance curves of 
Figs. 9 and 10 is clearly a result of the coprecipita- 
tion effect. 

Fig. 11 illustrates the fact that the equivalence 
point as determined by light scattering varies with 
the concentration of polyelectrolytes present. At 
low polyanion concentration the equivalence point 
is large and at high polyanion concentration the 
equivalence point is appreciably lowered. This low- 
ering at high concentration suggests micelle forma- 
tion or a configuration of the polyanion in which 
many of the active groups are not available to the 
polycation. 


Summary 
Coprecipitation of adsorbed polyanions with poly- 
cations offers advantages over adsorbed polyanions 
or polycations alone by markedly increasing sedi- 
mentation rates of mineral suspensions. 
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Fig. 11—Equivalence points between Peter Cooper 1-X chrome 
glue and Lytron 886 for various concentrations of Lytron 886. 


Reflectance studies of coprecipitation of poly- 
anionic and polycationic flocculants in the absence 
of the mineral suspension closely parallel results 
obtained by surface coprecipitation in the presence 
of the mineral suspension as detected by the varia- 
tion in settling rate. The equivalence point of co- 
precipitation varies with the concentration of the 
polyelectrolytes present. 
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Abstract 


Purification of GeCl: by Extraction with HCI and Chlorine 


by H. C. Theuerer 


(JOURNAL OF MeEtTats, page 688, May 1956; AIME Trans., vol. 206) 


GeCl may be purified by extraction with HCl and chlorine. The process is as effective for the removal of 
AsCl, as the more cumbersome distillation methods usually used for this purpose. The extraction process may be 
used in a batch process or can be adapted to continuous extraction methods. 


Technical Note 


Measuring Zeta Potentials by Streaming Potential Techniques 


by D. W. Fuerstenau 


EASUREMENT of zeta potentials is a useful 

tool to study the surface chemistry of minerals 
under flotation conditions.” Because there is con- 
tinued interest in this approach, the apparatus for 
obtaining zeta potentials of nonconducting solids 
by the streaming potential method is outlined here. 
Fig. 1 illustrates the streaming potential appara- 
tus.* The streaming potential cell or plug consists 


* This is essentially the apparatus described in the author’s doc- 
toral thesis! but slight modifications have been made on it since 
that time. 


of two 24/40 standard ground joints (4) joined with 
a piece of pyrex tubing 60 mm long and 12 mm in 
diam (5). The electrodes are made of bright plati- 
num disks 19 mm in diam and 1 mm thick through 
which 0.5-mm holes have been drilled (6). To the 
surface of each is welded a piece of 80-mesh plati- 
num gauze. Each electrode is permanently mounted 
on the ends of the inner parts of the two standard 
joints by means of a platinum wire (7) which con- 
nects it to the tungsten seal at the end of the cell (8). 
For ease in cleaning and handling the apparatus, the 
streaming cell is fastened to the 500-ml reservoir 
flasks (1) by means of two 18/9 ball and socket 
joints (2). This particular arrangement permits 
passage of the solution in either direction through 
the plug of particles. Flow of solution can be 
stopped by a stopcock (3). One of the reservoir 
flasks has a large opening to permit insertion of 
either a thermometer or a pair of electrodes for 
measuring pH of solutions within the system. In 
making the experiments, the plug is filled with 48 
to 65-mesh particles, but a layer of 28 to 35-mesh 
particles is placed at each electrode to prevent any 
of the finer particles from passing through holes in 
the electrodes. 

The assembled apparatus is shown schematically 
in Fig. 2. To eliminate CO, from the solutions, all 
experiments are conducted in a nitrogen atmosphere. 
Nitrogen, used to drive solutions through the plug, 
is passed through a bottle of concentrated KOH so- 
lution to remove CO, (9). A 9-liter ballast reservoir 
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Fig. 1—Diagram of the streaming potential cell. 


(10) is used to maintain a more nearly uniform 
pressure. A series of stopcocks controls the direction 
of flow nitrogen to the flasks (11). Tubes of as- 
carite prevent backflow of CO. into the system (12). 
Driving pressure, which can be set at any desired 
value, is measured with either a water manometer 
(13) or a mercury manometer (14). Reservoir flasks 
have side arms for making pressure corrections for 
the difference in water levels in the flasks. ; 
Streaming potentials are measured by the circuit 
illustrated in Fig. 2. The electrodes from the plug 
are connected through mercury wells (15) to a re- 
versing switch (16), which reverses the polarity of 
the electrodes depending on the direction of flow of 
solution through the plug. The streaming potential 
is measured with a Leeds and Northrup type K2 
potentiometer (17). Proper choice of null instru- 
ment is important because Eq. 1 assumes that the 
current which escapes through the measuring in- 
struments is negligible. An ordinary galvanometer 
cannot be used to determine the null point because 
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it permits discharge of the electrodes to a significant 
extent. Therefore the null point is determined by 
measuring the potential across a wax-coated 10”- 
ohm resistance (18) placed in series with the poten- 
tiometer and plug. The streaming potential is 
exactly balanced when the potential across the 10”- 
ohm resistance is at zero on the Applied Physics 
Corp. vibrating reed electrometer (19). To extend 
the range of the potentiometer, several calibrated 
142-v batteries (20) can be placed in series with 
the potentiometer by means of switches (All, Baye 
Fig. 3 shows that the streaming potential, F, is di- 
rectly proportional to the pressure difference, P, up 
to at least 46 cm of mercury and that it is indepen- 
dent of direction of flow. 

The specific conductance of solutions inside the 
plug can be determined by one of two methods: 
1) a 1000-cycle ac bridge for resistances less than 
one megohm and 2) a dc bridge for resistances 
greater than one megohm. 

The 1000-cycle ac bridge setup includes a General 
Radio type 650-A impedance bridge in conjunction 
with an audio amplifier and oscilloscope to deter- 
mine the null point. The reactance component is 
balanced out by means of a variable air capacitor 
placed across one of the bridge arms. 

Fig. 4 illustrates the de bridge used to measure 
high resistances. A standard potential of about 1.5 v 
(B) is applied to the bridge arm containing the 
plug filled with mineral particles (C) to balance 
the current through a calibrated resistance (D) fur- 
nished by the potentiometer (A). To extend the 
range of the measurements, the calibrated resistance 
(D) is either a 10°, 10°, or a 5X10*'-ohm wire-wound 
resistance manufactured by International Resistance 
Corp. When zero deflection of the electrometer (E) 
across the 10”-ohm resistance (F) is obtained, the 
ratio of the required potentials, B: A, is equal to the 
resistance (C) in megohms if D has the value of one 
megohm. The dc bridge circuit can be superimposed 
onto the streaming potential circuit by means of 
suitable switches. The cell constant is determined 
in the usual manner with 0.1 N KCl. To measure 


the specific conductance of solutions with this 
bridge, flow of solution must be stopped. 

Zeta potentials at 25°C can be calculated from the 
streaming potential in millivolts, E, the driving 
pressure in centimeters of mercury, P, and the spe- 
cific conductance of the solution within the plug, i, 
by the following equation: 


EX 
¢ = 9.69 — mv. [1] 
P 


The accuracy of data obtained with these pieces of 
apparatus is within 0.5 pct. With this method it is 
possible to measure streaming potentials in solu- 
tions up to about 0.1 molar. Special care must be 
used in interpreting experimental data because of 
the effect of surface conductance in dilute solutions.*~* 
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Discussion 


Comminution as a Chemical Reaction 


by K. F. G. Hosking 


(MINING ENGINEERING, page 561, June 1955; AIME Trans., vol. 202) 


I read Professor Gaudin’s paper with great interest 
and pleasure because for some time I have held that 
the chemical aspect of comminution is a subject of 
considerable importance to the mineral dresser and 
deserves to be thoroughly investigated. It does seem 
appropriate, however, to emphasize the fact that “fresh” 
edges and corners produced by the grinding of solids 
display enhanced reactivity has been recognized and 
utilized in the development of certain mineral identi- 
fication techniques. Some of these techniques are worth 
noting, not only because they might facilitate research 
in the aspect of mineral dressing under discussion, but 
also because they emphasize the fact that many min- 
eral species commonly regarded as being very inert 
can display a surprising reactivity when in the freshly 
ground state. 

In 1951 Isakov® published a number of tests for the 
components of certain mineral species which depend 
essentially on grinding in a mortar a mixture of the 
material under investigation with a solid reagent. Thus 
when stibnite, 4(SbS:), is ground with sodium or 
potassium hydroxide, the antimony is revealed by a 
momentary development of a yellow color which 
changes in air to orange-red. Other antimony minerals 
need a preliminary treatment before the test can be 
carried out. This consists of grinding with aluminium 
sulfate, ferric sulfate or potassium bisulfate, and breath- 
ing upon the resultant mixture. 

I have employed a similar technique to determine 
the approximate magnesia content of certain lime- 
stones." The method depends essentially on the fact 
that when a sample of limestone is ground under con- 
trolled conditions with solutions of sodium hydroxide 
and Titan yellow the color of the final product is, 
within limits, a function of the amount of magnesia 
present. 

I have also shown that the components of a wide 
range of minerals can be identified by applying chemi- 
cals to their streaks on portions of vitrified, unglazed 
floor tiles, etc. Under such circumstances the diversity of 
the reactions which take place in the cold (because of 
the reactivity of fresh corners and edges) is surprising. 
Thus, for example, if a garnierite, (Ni,Mg)sSisO;(OH),, 
streak is treated first with a drop of 0.880 ammonia 
and then with a drop of a 1 pct alcoholic dimethyl- 
glyoxime it immediately becomes red, indicating the 
presence of nickel.® 

Stevens and Carron’ have evolved a simple field test 
for distinguishing minerals by “abrasion pH.” A soft 
nonabsorbent mineral is scratched in a drop of water 
on a streak plate until a milky suspension is formed. 
A piece of pH indicator paper is dipped into the sus- 
pension, after which it is removed and the maximum 
deviation from neutrality noted. When a hard mineral 
or one which absorbs water is being tested, fragments 
are first ground for 1 min with a few drops of water 
in a mortar to make a heavy suspension. The impor- 
tance of the findings of such tests to mineral dressing 
may be judged by the abrasion pH values, Table II, 
recorded by Stevens and Carron for certain species 
usually regarded as comparatively inert. 

The combined results of the above researches clearly 
indicate that comminution is capable of altering the 
pH of a pulp and of causing the chemical nature of the 
surfaces of some of the components to be profoundly 
changed. Depending on circumstances such surface 
alterations may have a beneficial or an adverse effect 
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if these products are subsequently subjected to flota- 
tion. The tests also suggest that by grinding “inert” 
minerals with appropriate solid or lquid reagents 
“reactive” surfaces may be developed which might 
facilitate separations by flotation. 


Table Il. Stevens and Carron Values 


Mineral Recorded Abrasion pH 
Kaolinite 5,6,and7 
Cassiterite 6 
Columbite 6 
Zircon 6 
Biotite 8 and 9 
Albite 9 and 10 


It is an interesting and instructive problem to deter- 
mine the reactions that are likely to take place when 
dry solid substances are subjected to comminution and 
to the unavoidable heat liberated during the process. 
To do this it is theoretically necessary to know the free 
energy values of the reactants and possible resultants, 
but unfortunately there is a dearth of such data! How- 
ever, the heats of formation of many substances are 
known, and generally speaking, if in a reaction of the 
type AB + CD = AD 4 CB the sum of the heats of 
formation of AB and CD is less than that of AD and 
CB the reaction will probably proceed to the right. 
Thus, according to a note I have (the author of which 
I cannot name) if PbS (black) is warmed with CdSO; 
(white), PbSO.« (white) and CdS (yellow) are formed, 
and that the reaction does, in fact, take place is indi- 
cated by the change in color of the mixture. The re- 
action is expected, as the sum of the heats of formation 
of PbS and CdSO, is less than that of PbSO; and CdS 
(as shown below). 


PbS + CdSO. = + Cds 
22.2 + 218.0 < 216.2 + 33.9 


Finally, certain other aspects of the chemistry of 
comminution, which are neither mentioned by Profes- 
sor Gaudin nor referred to by me are to be found in a 
paper by Welsh” and in the printed discussion thereof. 


A. M. Gaudin (author’s reply)—The observations 
contributed by Dr. Hosking are indeed welcome, as 
they add to our experimental knowledge of a topic 
which is believed to be of the first importance. In con- 
nection with the experiments cited it should be kept 
in mind that oxidation, hydration, and carbonation at 
various rates should always be deemed to be possi- 
bilities when grinding is done in water or in air, even 
in “industrially dry” air. Special precautions might 
lead to sufficient minimizing of these reactions and to 
the assertion, instead, of deliberately-created reactions. 

The author wishes to thank Dr. Hosking for his con- 
tribution. 
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TRANSACTIONS AIME 


Underground Haulage 


In Metal Mines 


Diese! locomotives, trucks, bulldozers, and other diesel- 
powered equipment are fast proving their superiority for mine 


transportation purposes. 


ORE than 100 minerals are mined and processed 

in the U.S. Management and labor have nego- 

tiated wage-scale agreements that have balanced 

wages and affected cost of labor in such a manner 

that comparisons can be made of transportation 

costs. Transportation of materials underground has 
become of vital importance.** 

This report describes underground haulage meth- 
ods and equipment, presents cost analyses, and dis- 
cusses future plans for underground transportation 
in metal mines. It does not cover hoisting in shafts 
or slopes by cage, skip, or cars. Advancements have 
been made by the metal mining industry in lower- 
ing transportation costs in several mines, making it 
possible to mine orebodies or portions of orebodies 
not considered economically recoverable a few years 
ago.”* Numerous reports have been written on trans- 
portation at metal mines; this report covers recent 
haulage at some representative mines throughout 
the U. S. The term metal mine is used to include 
all noncoal mines from which up-to-date informa- 
tion was obtainable. 

The best haulage equipment is subject to break- 
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downs and accidents; but unless the rolling equip- 
ment, track, and signal systems are kept in good 
repair and are operated systematically, these break- 
downs and accidents are likely to be frequent, des- 
tructive, and more costly than are necessary.” Rail 
haulage crews using dependable rolling stock can 
move trips safely over grades low enough to be 
traveled without loss of control; this applies par- 
ticularly if the track is straight and well maintained. 
Few accidents occur on main haulage lines if visi- 
bility and clearance are good and clear track is 
assured. One-way traffic underground is a recent 
development contributing to reduction of accidents 
and increased efficiency in mine haulage (Kelly 
mine, Anaconda Co., Butte, Mont., and Climax mine, 
Climax Molybdenum Co., Climax, Colo.).’ 


Locomotives: Six types of mine locomotive used 
in recent years are trolley, storage battery, com- 
bination trolley and storage battery, diesel, com- 
pressed air, and gasoline. 

Electric haulage has been displaced by compressed 
air locomotives, which have been used successfully 
in certain instances, especially on dirty and wet 
tracks and steep grades.” Maintenance cost is high, 
and operating efficiency, from a power standpoint, 
is low. Compressed air locomotives operate under 
self-contained power, and the absence of bare elec- 
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trically charged wires removes the hazards of fire 
a An expensive multistage com- 
pressor installation is required, however, and high- 

re air lines to the charging station are costly; 
t a be installed at advantageous points to 
which locomotives must return for frequent charg- 
ing. In some mines it is stated that the exhaust air 
from such locomotives improves the ventilation, but 
this effect is often offset by clouds of vapor caused 
by the exhaust, fogging the drifts and interfering 
seriously with vision. Power cost usually averages 
four times that for electric locomotives, which also 
have better starting and speed control. Recent ex- 
periments have been made with low-pressure engines 
(90 psi), but their use to date has been too restricted 
to permit drawing conclusions. 

Gasoline locomotives have been used to a slight 
extent underground in metal and nonmetallic mines. 
They are not allowed in mines in most states be- 
cause of the danger of carbon monoxide from exhaust 
gases and fire from the gasoline. The Federal Bureau 
of Mines is officially on record as opposing the use 
of gasoline locomotives in underground mines.” ™ * 

Storage battery locomotives have displaced trolley 
locomotives in both large and small mines and in 
secondary haulage in larger mines owing to their 
more flexible operation and the ease with which 
they can be moved from one level to another.” * 
They have special value in timbered drifts that 
crush badly and where high maintenance cost of 
trolley wires and the danger of fire virtually pro- 
hibit use of trolley locomotives. They are also safer 
in operation because of their lower voltage and 
slower speed and the absence of bare trolley wires.’ 

In storage battery locomotives of the 142-ton type 
the operator’s seat is constructed so that it folds 
over the battery, making it possible to transfer the 
locomotive easily from one level to another on the 
deck of an ordinary mine cage. Such locomotives 
are used mainly for transporting materials in sub- 
levels and for hauling muck from development 
headings. They are also used to some extent as 
gathering locomotives. This type of locomotive 
haulage is rapidly replacing hand tramming. 

In eliminating the use of charged electric wire, 
storage battery locomotives offer a great advantage, 
but there is danger of burns from ignition of gas 
when the battery is charging and burns from elec- 
trolyte. Battery trays should be well insulated from 
the boxes.* 

Used extensively in Michigan copper mines and 
to some extent in Michigan iron mines, storage loco- 
motives have been found very satisfactory in serv- 
ice and from an operating standpoint are as eco- 
nomical as trolley locomotives. In Montana some 
mines have replaced trolley locomotives with storage 
battery locomotives. 

In terms of efficiency both trolley and storage 
battery locomotives have their proper place.“ For 
large capacity and long hauls trolley locomotives 
are favored for efficiency but are unsafe. Storage 
battery locomotives for this type of service are 
costly and require large ampere-hour capacity. Un- 
less the ore or rock comes in surges so that there 
are slack times during the working period when 
batteries can be put on charge, or a long enough 
interval between haulage shifts for this purpose, the 
batteries may run too low and be discharged below 
the desirable or safe limit. For heavy service, two 
sets of batteries are usually provided for each loco- 
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motive, and one set is charged while the other is 
in use. 

Although storage battery locomotives must return 
at definite intervals to a charging station, they are 
very flexible up to the limit of their ampere-hour 
capacity. Battery locomotives have a higher first 
cost than trolley locomotives of the same capacity, 
requiring installation of charging facilities and ex- 
pert maintenance. 

Diesel engines are also replacing both types of 
electric locomotives as well as internal combustion 
engines burning gasoline and butane fuels in under- 


2, 3, 9, 12, 18, 15-24 


ground mines.” 

Introduction of the diesel locomotive has resulted 
in more careful track laying, fewer derailments, 
fewer haulage accidents, and lower haulage costs. 
Where roadways are through gobs and wooden- 
timbered sections, diesels are definitely safer than 
electric trolley wire locomotives, and much more 
flexible.” * * Experience shows that the diesel loco- 
motive is not unsafe if good track, good mainte- 
nance, and good ventilation are provided. Safe 
operation of diesel equipment can be assured by the 
following precautions: 

1) Adequate ventilation where engines operate 
to dilute the toxic constituents of the exhaust (75 
cfm per rated horsepower is a recommended safe 
minimum) and an atmosphere having a carbon mon- 
oxide concentration not exceeding 20 ppm. 

2) Good maintenance at all times. 

3) Provision of a scrubber to cool exhaust gases 
and remove particulate matter. 

4) Use of engines of the indirect-injection type 
underground. (Extensive testing has shown that 
these engines produce less oxides of nitrogen in the 
exhaust.) 

Hand tramming as the principal method of haul- 
age is today largely confined to small mines or parts 
of mines having a small output. Hand tramming has 
been largely replaced by storage battery locomo- 
tives of the tramming type, which can be run on a 
cage and transferred quickly from level to level. 

Animals are occasionally used to return empty 
cars to the work faces and to gather loaded cars. 

Trackless Haulage: In many mines methods and 
systems have been redesigned to use trackless equip- 
ment of all types.” “7” ®* Trackless equipment is 
especially adaptable to flat-lying orebodies 12 ft 
thick or more. Drills are mounted on jumbos; some 
are mounted on caterpillar-tread tractors, and others 
on pneumatic tires. Shovel loaders are mounted on 
caterpillar treads and pneumatic tires. In the Ala- 
bama iron mines shovel loaders on caterpillar treads 
and shuttle cars with pneumatic tires have virtually 
displaced the scraper-and-slide method of loading 
and transporting broken ore from the breast to cen- 
tral main haulage. This type of equipment has been 
used successfully on gradients up to 18°. The Ish- 
kooda No. 11 mine,° operated by the Tennessee Coal 
& Iron Div. of the U. S. Steel Corp., Fairfield, Ala., 
reportedly was the first iron mine in the world to 
use a mobile loader discharging into shuttle cars. 
Increasing use of shuttle cars is reflected in the 22 
shuttle cars issued approvals by the U. S. Bureau of 
Mines during 1955. 

Shuttle cars require less headroom than trucks. 
Operated by storage batteries, cable-reel trailing 
cables, or diesel engines, they are as safe and effi- 
cient as other pieces of trackless haulage equip- 
ment.” “ ® If they are powered by storage batteries, 
there are the ever present hazards incident to trans- 
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Transporting of material in metal mines generally comprises hoisting 
and haulage. Hauling in underground metal mines may be by rope, loco- 
motives and cars, trucks, shuttle cars, and hand tramming. 


ferring and charging batteries, but the danger is no 
greater than for storage battery locomotives. If they 
are operated by cable reel, trailing cables inade- 
quately maintained present a shock hazard. 

Shuttle cars are used where tracks cannot be 
maintained because of bad bottom. At the under- 
ground mines of Reynolds Mining Corp., Bauxite, 
Ark., the floor underneath the bauxite consists of 
various types of clays, bauxitic clay or a very low 
grade bauxite, altered syenite clay that is rather 
firm, and a red mottled Midway clay. When satu- 
rated with water the red mottled clay becomes 
plastic, about the same consistency as a child’s 
modeling clay. This material will squeeze and, if 
too much weight is imposed on the ore, will com- 
pletely fill the drifts. Motion varies in this from no 
movement in the drifts to as much as 4 to 5 in. ver- 
tically in 24 hr. As none of these clays will support 
shuttle cars, it is necessary to floor all drifts with 
4-in. hardwood planking fastened to sleepers.” * 

Studies were made of shuttle car units in opera- 
tion to determine their merits and disadvantages for 
haulage.” ” “ Because available methods of analyses 
did not rate machines properly, S. H. Ash developed 
a method of interpretation using results from field 
studies to provide an accurate basis for rating shuttle 
cars and loading machines with which they work.” 

Trucks powered with gasoline, butane, and diesel 
engines are used extensively as haulage units in 
underground limestone mines and sandstone mines 
in the central states and in the Tri-State lead and 
flat or nearly flat formation, where it is possible to 
build roads without excessive grades. Mine work- 
ings generally range from 12 to 50 ft. Overlying 
strata are supported by pillars, and usually there 
are several openings to the surface, which provide 
natural ventilation. 

Transportation frequently is by means of diesel- 
powered trucks operated either as tractor-trailer 
units or trucks with integral bodies. 

Trackless haulage is best adapted to large open 
workings and those in which the roof strata are sup- 
ported by pillars or rock bolts. If workings are 
timbered with wooden supports, posts and stulls are 
likely to be dislodged by equipment striking them, 
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causing rock falls. Rock bolting in underground 
mines has made it possible to operate shuttle cars 
and trucks. 

Conveyor Haulage: Conveyors are used exten- 
sively for transporting ore and waste in opencut 
mines. They are also employed less widely in under- 
ground mines.” A number of underground belt 
installations are available for intermediate and main 
haulage in metal and nonmetallic mines. Rayner 
describes a conveyor system in an underground mine 
that conveys and elevates ore in a 17° inclined shaft 
from the 1500-ft level to the concentrator on the 
surface.” 

Belt conveyor main haulage is used in several 
mines in the Lake Superior district. Gathering meth- 
ods for transporting ore to the belt vary from mine 
to mine and even in the same mine. Shaker con- 
veyors, slushing methods, and shuttle cars are now 
in use. To be economical, belt conveyors require a 
critical uniform feed, with the belt operating at near 
capacity. 

Interesting developments are the use of extensible 
belt conveyors and the bridge or piggyback con- 
veyors. These devices promise to be of material aid 
in handling the production of continuous miners. 

One of the difficulties in conventional belt-convey- 
ing practice is adherence of particles of material to 
the carrying surface of the belt.” When sticky 
materials are transported this often causes buildup 
of material on the return idlers, which may result 
in difficulty in training the belt.” 

Although there are many devices for cleaning the 
surface of belt conveyors, even the best of these has 
not been entirely effective, and most require trouble- 
some maintenance. One solution may be to twist 
the belt through 180° so that the clean surface is 
carried on the return idlers. The belt is inverted 
again just before the return pulley to restore it to 
its normal position for the forward run. The method 
has been successfully used to stockpile more than 
1 million tons of ore in Michigan. Here it has been 
found that, for successful use, all belts should have 
vulcanized joints. Water sprayed on the ore-carry- 
ing side of the belt as it is twisted underneath to 
the return idlers lessens the fine spill under the 
beltline. Experiments in Great Britain and a few 
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tests in the U. S. indicate that this method is feasible 
and has certain advantages.” “ 

Signal and Communication Systems: Transporta- 
tion on many haulage levels now is frequently con- 
trolled by a dispatcher who transmits messages to 
motormen over a trolley mine telephone system. 
Intercommunication among motor operators is pos- 
sible; thus collisions and delays are prevented.” 

To increase efficiency and safety in haulage, sev- 
eral large mining companies have instalied dis- 
patcher systems with voice signals relayed over 
radio communication equipment on each locomotive 
and at other strategic places. Voice communication 
on a two-way basis has done much to lower costs 
and to relieve congestion and hazards in transport- 
ing ore underground.” ™ 

A system installed by the Tennessee Coal & Iron 
Div. of the U. S. Steel Corp. in Alabama consists of 
frequency modulation transmitters and receivers. 
Units were installed in each of the mainline loco- 
motives; one each in a dispatcher’s office at rotary 
dumps, the underground maintenance shop, and 
motor pit, and one on a material-handling locomo- 
tive. Units operate on 100-ke frequency modulation; 
power is from the trolley wire. Current passes 
through a voltage divider, which gives 120 v to the 
transmitter and 35 v to the receiver. This system 
is operated to augment and not replace block signal 

The dispatcher should have absolute control over 
the movement of trains. He also clears and relays 
messages that come from all parts of the mine by 
the locomotive-mounted units. Supervision can thus 
be applied more effectively; calls for materials can 
be relayed to surface; and trains can be efficiently 


routed. Such equipment can also greatly expedite 
removal of men from a mine in case of emergency. 

Some block signals are operated automatically; 
others are manually made and broken by locomotive 
operators. Even in the smallest mine, locomotives 
can be equipped with headlights and gongs and 
trips with tail lights and warning devices. 

As an emergency signal system to warn all em- 
ployes in the least possible time, a stench-warning 
system in the compressed-air line and ventilation 
currents is unequaled. 

Ore-Handling Systems: Ore handling, other than 
transportation underground, generally consists of 
loading, dumping, and storing. Important changes 
have been made in methods of handling ore at many 
mines, and transportation of products from large 
mines is rapidly becoming completely mechanized, 
either as a single operation or a series of such steps. 
Instead of repeated handling of ore and waste at 
various levels, systems of raises and pockets are 
driven to carry the ore or waste to centralized sta- 
tions from which they can be drawn as required. 
To minimize having the ore or waste hanging up at 
inaccessible places, the broken material from the 
stopes may be passed through a grizzly before enter- 
ing the ore or waste pass system. 

Departures from the branch raise system are for 
the purpose of removing the hazards, delays, and 
costs evident after a few years’ use of the system in 
various districts. In the Climax mine in Colorado 
and the Montreal mine in Wisconsin, slusher drifts 
and slushers have replaced chutes and many of the 
raises. Similar changes have been adopted in other 
iron mines of the district. In the mines of the Ten- 
nessee Copper Co. a slusher system replaced the 
grizzly-loading system.” * 


General Description, Cost Analy- 
sis, and Future Planning at 
Typical Mining Layouts 


Mining Plant A 

Mining plant A, a low grade zinc-lead mine in the 
Pacific Northwest, produces about 2000 tpd, or 40,000 
to 43,000 tons a month, by working two shifts for a 
five-day week. The mill concentrates 1600 tons of 
ore each day on a three-shift basis and operates six 
days a week. The mill feed, as mined at present, 
has a combined metal content of 3 to 3% pct, con- 
sisting of 14% to 2 pct zine and 1% pct lead. Of the 
160 to 175 men employed, 115 work underground. 
The average output per manshift for all underground 
employes is about 17.4 tons. 

Ore exploitation and development are mainly 
from an inclined shaft 3830 ft long. The shaft collar 
at the portal is at altitude 2180 ft and the shaft 
bottom at 1300 ft. The upper 1450-ft section of the 
main incline shaft, the middle 1180-ft section, and 
the bottom 1200-ft section dip 17°, 10°, and 12°, 
respectively. 

The 2000, 1900, 1800, 1700, and 1450 levels are 
off the main incline shaft at 100-ft intervals, ver- 
tically, except the 1450 level, which has a vertical 
interval of 250 ft from the level above. Access to 
the 2200 level is by means of an adit. The 1700 level 
is the lowest producing level. 

The replacement-type ore deposits, which are in 
limestone and generally very irregular, are being 
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mined by open stopes. Large open stopes are em- 
ployed in which 98 pct of the ore is recovered. The 
remaining 2 pct consists of ore and waste and is left 
in pillars for ground support. Roof support is aided 
by arching the back (roof) of the open stopes. Care- 
ful scaling of the backs and frequent inspections in 
stopes and haulageways are made to insure safety 
of the workmen. 

Haulage Equipment: All the broken ore from the 
stopes on each level is first crushed to —1 in. before 
the ore is fed to the conveyor belt in the incline 
shaft to be conveyed to the ore bins at the mill. 

The ore is transported in the incline shaft at a 
rate of 400 tons per hr by a conveyor belt 30 in. 
wide. The endless-belt conveyor system is in three 
sections, the upper 1450 ft long and the lower 
sections each about 1200 ft long. Ore is conveyed 
from the incline shaft to the ore bins at the con- 
centration plant by a similar belt conveyor. 

Track and slusher types of transportation were 
discontinued in March 1952, and trackless diesel- 
powered equipment is now used for drilling, muck- 
ing (loading), and transportation. 

Ten-ton Dart diesel trucks transport the ore from 
the stopes to draw chutes or mill ore bins. These 
trucks are powered by Cummins HR-4, 4-cylinder, 
4-cycle, indirect-injection diesel engines with 5%-in. 
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bore and 6-in. stroke. They develop 110 hp under 
full load at 1800 rpm. 

Tracto-Shovels load the diesel-powered trucks. 
The Allis-Chalmers HD-5G Tracto-Shovels are 
powered by General Motors 2-cylinder, 2-cycle, 
direct-injection diesel engines; these have a 414-in. 
bore and a 5-in. stroke and develop 40.26 hp at 
drawbar and 50.25 hp at belt. 

Eimco-Caterpillar D-4 tractor-combination load- 
ers and drill jumbos are employed; these are pow- 
ered by Caterpillar diesel 4-cylinder, 4-cycle, in- 
direct-injection engines having a 414-in. bore and 
a 5%%-in. stroke and develop 43 hp at drawbar and 
48 hp at belt. 

All underground diesel equipment is provided 
with electric or compressed air starters and exhaust 
gas scrubbers. The exhaust gas scrubbers are made 
locally; they are installed at the rear end of the 
equipment several feet back of the operator’s seat. 
The scrubbers contain 29 gal of water when filled. 
Coarse calcite or limestone is used to neutralize acid 
in the scrubbers, which are drained and filled with 
water each shift and cleaned periodically. 

An adequate volume of air is coursed mechani- 
cally through the mine by 


Mining Plant B 

Mining plant B is a chrome mine that produced 
1000 tons of ore daily. The ore contains 19 to 21 pct 
chromic oxide (Cr.O;), which is concentrated at a 
gravity-type mill situated at the lower camp. The 
concentrate from the mill is hauled by autotruck 
and stored at a government stockpile half a mile 
from the mill. Of the 226 men employed, 146 work 
underground. Average output per manshift for all 
underground employes is 7 tons. 

The mine is opened by six levels or adits, known 
as Nos. 1A, 1, 2, 3, 4, and 5, situated at altitudes 
tively. Ore occurs in two veins, 400 ft apart and 
nearly parallel. The veins strike 60° northeast and 
dip 50° to 55° to the northwest. One vein is 7 to 8 
ft wide and the other 4 to 5 ft wide. Ore is con- 
tinuous in the vein structures, and minor faults 
have not proved difficult in following continuous 
stoping. Generally, the granitoidal wall rock struc- 
ture is such that shrinkage stoping can be followed 
in both veins without leaving pillars or stulls for 
additional wall support. 

Haulage Equipment: Mechanical haulage is used 
in all levels. The grade, 
in favor of the loaded 


large-capacity fans for 
diluting and removing 
toxic and harmful consti- 
tuents of the exhaust 
gases. Auxiliary blower 
fans of 16,000 cfm at 
rated capacity with 3-in. 
water-gage resistance and 
30-in. diam tubing are 
used to ventilate dead 
ends in the mine. Daily 
tests of the mine air in 
the working places are 
made with a colorimetric 
carbon monoxide indi- 
cator. A record is kept in 
a book for examination 
by the State metal mine 
inspector and other in- 
terested persons. The 
State mine inspector also 


The foundation of any underground 
transportation system is its roadbed, 
whether transportation is by rail, shuttle 
car, truck, slushers, or conveyors. The 
feasibility of maintaining a good road- 
bed is often the controlling factor in se- 
lection of transporting equipment. 
Cost of transportation depends on so 
many variables that each mine presents 
its own problem and the most economi- 
cal system can be determined only by 
the solution of many problems.”””"” Ex- 
amples of transporting facilities and 
costs at typical plants illustrate condi- 
tions that have counterparts elsewhere. 


trains, is about 0.25 pct. 
Track gage is 24 in. and 
the rail weight 30 lb. 
Goodman 3-ton and 5- 
ton storage battery loco- 
motives, equipped with 
brakes, headlights, and 
warning devices, are used 
to haul ore and waste in 
the 1, 2, 3, and 4 levels. 
Diesel locomotives, man- 
ufactured by the Good- 
man Mfg. Co., are used in 
the 2, 3, and 5 levels. A 
4-ton diesel locomotive is 
in use on the No. 2 level, 
a 4-ton on No. 3 level, 
and a 6-ton on No. 5 
level. All diesel locomo- 
tives are equipped with 


tests for oxides of nitro- 

gen with a portable indicator when making periodic 
safety inspections of the mine to insure that require- 
ments for healthful working conditions are being 
complied with. Check air samples are also collected 
from time to time in vacuum bottles by USBM engi- 
neers to determine the adequacy of the ventilating 
system and maintenance of the equipment. 

Storage battery locomotives are employed in the 
operating haulage levels for transporting ore from 
the draw chutes to the main inclined shaft ore 
pockets. 

Cost Analysis: Although transporting costs were 
not available, the cost for a ton of ore taken from 
the annual report of mine A for the year 1954 is as 
shown in Table I. 


Table I. Costs in Dollars per Ton, Mine A, for 1954 


Mining 1.743 
Milling 0.742 
Other 0.292 

Subtotal 
Administrative, general expenses 0.141 
Taxes 0.136 

Total 3.054 
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scrubbers of 36-gal ca- 
pacity. Scrubbers are drained each 8-hr shift and 
filled with water to which three tablespoons of hydro- 
quinone are added. Each diesel locomotive is equipped 
with fluid drive, 12-v acid-storage batteries, two 
headlights, electric starter, signal horn, and mechani- 
cal brakes. The company safety engineer makes peri- 
odic tests of the mine atmosphere with a colorimetric 
carbon monoxide indicator to determine whether the 
locomotives are functioning properly and whether 
ventilation in the haulageways is adequate. Enough 
air is coursed mechanically in all operating levels 
by means of fans to insure healthful working condi- 
tions for all employes. The main fan exhausts 39,000 
cfm from the mine and two auxiliary fans deliver 
10,000 cfm and provide positive ventilation to the 
face workings of the operating levels. 

Granby-type side dump steel cars are used ex- 
clusively. The cars are 4.2 ft wide with the side 
dump (fifth) wheel extending 0.55 ft beyond the 
body; those on the upper levels have a capacity of 
2.5 tons, those on No. 5 main haulage a capacity of 
4.2 tons. Four to ten cars are hauled in each train. 


Cost Analysis: Specifications of the 4-ton and 
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Table Il. Specifications for Diesel Locomotives, Mine B 


Item 


Four-Ton 


Six-Ton 


Type, General Motors 


2-cycle, direct- 


2-cycle, direct- 


injection injection 

Cylinders, no. 2-in-line 3-in-line 
Bore diameter 4¥% in. 4% in 
Stroke Din. 5 in. 
Total displacement 142 cu in. 213 cu in. 
Continuous horsepower 45 67 
Revolutions per min 

without fan 1600 1600 
Compression ratio 16:1 16:1 
Compression pressure at 

500 rpm 418 psi 418 psi 
Fluid drive Yes Yes 
Scrubber capacity 36 gal 36 gal 


Number of Locomotives 
in Use: 


Initial costs 


Two Four-Ton 


$10,245 each 


One Six-Ton 


$12,245 each 


Date of installation August 1953 June 1953 
Horsepower of each 45 67 
Weight of Granby type, 

empty 6000 lb 7400 lb 
Weight of average loaded 

car 11,600 Ib 15,800 lb 
Average number of cars 

per trip 4 10 
Average distance trav- 

eled Variable 1500 ft 
Average number of 

round trips Variable 22 
Average train speeds 7¥2 mph 74% mph 


Average daily fuel con- 
sumption 

Repair and mainte- 
nance costs 

Tons handled daily 


5 gal @ 16.4¢ 11% gal @ 16.4¢ 
omitted 


omitted 
150 to 450 873 


6-ton diesel locomotives are given in Table II. The 
diesels are equipped with such items as torque 
converters, torque converter coolers, and built-in 
exhaust scrubbers. 

Battery locomotives (initial cost $10,000 each) 
are used in development headings or for hauling 
supplies, but very seldom for ore haulage. Cost 
comparisons cannot be made at this time, therefore, 
between diesels and battery locomotives. 

The mobility of diesels is outstanding, but operat- 
ing time has been of too short duration to give re- 
liable figures on costs. 


Mining Plant C 

Mining plant C consists of two large lead-zinc 
mines, one of which is listed as Section 1 and the 
other as Section 2. 

Haulage System: The following tabulations sum- 
marize the main features of the transporting sys- 
tems. Electric-powered equipment consists entirely 
of trolley and storage battery units. A mainline 
haulage tunnel serves both sections, Tables III, V. 

For Section 1, ore and waste are trammed an 
average distance of 22,261 ft to surface; the most 
remote distance one way to surface is 23,650 ft. For 


Table II]. Data for Mainline Haulage Tunnel Serving Sections 1 
and 2 of Plant C 


Cross section 9x10 ft in clear, 8x9 ft in timber. 

Rail gage, 36 in.; weight, 60 Ib 

Curves, 400 to 1000-ft radius. 

Trolley, 550 v, de. 

Traffic control system, automatic standard railroad block system. 

Ground support: sections are concreted, timbered, roof-bolted, 
and untimbered. 

MSA mine phones used on all mainline locomotives and jeeps. 

10 cars per trip, 12 tons per car. 


Table IV. Ore and Waste Cars, Mine C 


Track Size, Capacity, 
Type Gage, In. Cu Ft Tons 
Section 1 Rocker bottom 18 and 24 39 2 
Side dump 24 39 2 
Gable bottom 18 15 
End dump 18 19 1 
Section 2 Side dump 24 39 2 


Section 2, average distance to surface is 11,322 ft 
and most remote distance 14,200 ft. 

All underground haulage is by rail: 30-lb rail of 
18-in. or 24-in. track gage, % to 1 pct grade, and 
45 to 100-ft radius curve; haulage clearance, 6 to 7 
ft; up to 12 cars per train. 

Storage battery locomotives are utilized for trans- 
portation in all haulage passageways except in the 
mainline tunnel. A summary of that equipment and 
other pertinent detail is presented in Table VI. 


Table IV presents data concerning the types of 
mine cars transporting both ore and waste. 

The total distance traveled by all mainline and 
underground haulage level locomotives (round trip) 
averages 152 miles in a 24-hr period (2 shifts). 
There are 47 miles of underground trackage. 

Cost Analysis: Table VII summarizes average 
overall costs per ton-mile, excluding overhead and 
depreciation, for ten months of 1955. 

Battery replacement cost for ten months of 1955 
is $0.08 per dry ton of ore. Electric power cost for 
tramming for first ten months of 1955 is $0.12 per 
dry ton of ore. 


Table V. Mainline Haulage Equipment for Sections 1 and 2 
of Plant C 


Mainline Haulage Locomotives (Enclosed Cab): 
Make: Jeffrey Manufacturing Co. 
Wheel gage: 36 in. 
Brakes: Westinghouse 
Horsepower: 250 
Weight: 40,000 lb 
Speed: 15 mph 
Motors: two 550-v (dc) 
Wheel diameter: 36 in. 
Couplers: automatic (Willison) 
Compressor motor: 10 hp 
Compressor: 30 cu ft capacity 
80 lb pressure on brakes, 150 Ib pressure on dump line 
Communication: MSA mine phone 


Mainline Mine Jeeps (Small-Type Service Locomotives for Personnel): 
Make: Lee-Norse 
Weight: 2 tons 
Brakes: hand and foot type 
Wheel diameter: 16 in. 
Passenger capacity: 12 
Motor horsepower: 3 
Speed: 11.4 mph 
Communication: MSA mine phone 
Couplers: automatic (Willison) 


Mainline Ore and Waste Cars: 
Make: Baldwin-Lima-Harnilton Co. 
Dump: automatic air side dump 
Brakes: Westinghouse air brakes 
Capacity: 7 cu yds 
Wheels: 18-in. diam (8 wheels to a car) 
Couplers: automatic couplers (Willison) 
Converted Mainline Ore and Waste Cars: 
Gage: converted to 36 in. from 24 in. 
Capacity: 4 cu yd 
Wheel diameter: 14 in. (8 wheels to a car) 
Dump: hand operated (gable bottom side dump) 
Brakes: none 
Mainline Man-Cars: 
Make: C. S. Card Mfg. Co. 
Type: Enclosed, all steel (enter on one side) 
Capacity: 30 men (4 to 6-man compartments and 2 to 3-man 
compartments) 
Brakes: air brakes and emergency hand-operated 
Wheel diameter: 12 in. (8 wheels to a car) 
Couplers: automatic (Willison) 


Table VI. Storage Battery Equipment for Haulage Passageways, 


Mine C 
Track Gage, Weight, Speed, 
Type of Locomotive In. Tons Mph 
Mancha Trammers 18 1.5 35) 
Mancha Mule 18 5.0 3.5 
Mancha ‘“‘B” Trammer 24 4.0 3.5 
Westinghouse 24 4.0 3.5 
G. E. (LSB) 24 5.0 3-0 
Mancha Titan ‘“‘A”’ 24 4.0 3.5 
Mancha Mule Standard X 18 AO) 3.5 
Mancha Titan AN 24 4.0 3.5 
Mancha Titan ‘“‘B”’ 24 2.5 3.5 
Mancha Trammer M-9 24 eS) 3.5 
Atlas “K” 24 3.0 3.5 
Mancha Titan AN3 24 3.0 y3) 
Greensburg Monitor 24 4.0 Shin 
Jeffrey 24 4.0 Ss 
Greensburg Cruiser 24 4.0 3.5 
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Table VII. Costs Per Ton-Mile, Ten-Month Period, 1955 


Operating labor $0.17 
Repair labor $0.07 
Repair supplies $0.08 
Repairs (other) $0.01 
Storage battery replacement $0.02 
Power $0.02 
Ground support $0.01 
Total $0.38 per ton mile hauled 
Mining Plant D 


One of the largest and oldest mines in the U. S., 
mining plant D comprises several mines, some in 
the development stage and 12 in production con- 
tinuously during 1955. Data given in this report are 
for the first 11 months and are based on dry ton- 
nage. 

The vein system is not steep and is amenable to 
trackless mining, without which mining operations 
would probably have been discontinued years ago. 

General Description and Haulage Equipment: 
From a group of 12 comprising mining plant D, 
mines 1, 7, and 12 are selected as typical of three 
sets of conditions that affect haulage costs. The fol- 
lowing description summarizes the haulage condi- 
tions of the group of mines. 

Mine 1 is typical of the high-haulage cost mines. 
Here there are comparatively long hauls, several 
haulage levels, many inclined roadways, narrow ore 
runs, and generally poor haulage road conditions. 
Also, one factor having a great influence on the 
haulage cost is the uncertainty of ore reserves in 
given areas; this results in costly haulage to pick 
up tonnage that is erratic as to quantity and con- 
tinuity. Ore must be hauled % to 1% miles in a 
haulage system spread throughout 240 acres. The 
average distance is 34 mile. Both dump and trailer 
trucks are used. The dump trucks are rated at a 
capacity of 9 tons and the trailers at 12 tons. Gen- 
erally, two dump trucks and three trailer trucks are 
in use. The record shows an average wet-ton load 
of 9.6 tons in 1955. 

Mine 7 operated during 1955 under haulage condi- 
tions somewhat better than average. Ore was hauled 
over distances ranging from a few hundred feet to 
0.9 mile. Most of the tonnage was hauled from two 
levels with only two major inclines between levels. 
Road conditions were relatively good. Also, large 
muck piles were available in some of the areas 
mined. The haulage equipment consisted of one 
15-ton trailer truck, used on the longer hauls; one 
6-ton low trailer truck used in areas with low 
headroom; and three 9-ton dump trucks. The 15- 
ton trailer was used on the longer hauls. The aver- 
age load for mine 7 in 1955 was 10.6 tons (wet), 
and ore was hauled from points spread over 320 
acres. Usually, two dump and one trailer truck are 
in use with a fourth unit used on a part-time basis. 


In mine 12, the lowest haulage-cost mine in 1955, 
ore was hauled ranging a few hundred feet to % mile. 
The average haul was about % mile from the hoist- 
ing shaft, which is centrally situated in a 160-acre 
tract. Haulage was entirely on one level except for 
minor inclines due to the dip of orebodies. Road 
conditions were better than average. Also, most of 
the tonnage came from large muck piles. Haulage 
equipment consisted of one 7-ton dump truck, three 
10-ton trailer trucks, and two 12-ton trailer trucks. 
Generally five of these units were used in a day’s 
operation. The average load in 1955 was 9.6 tons. 

Cost Analysis: Table VIII lists items and haulage 
costs at mine plant D. 

As indicated by the average tons per load in the 
mines described, the diesel trucks do not quite come 
up to their rated capacity. It should be noted that 
the costs in Table VIII include some miscellaneous 
haulage expense other than actual truck cost. These 
figures include such expense as haulageway light- 
ing, road-sprinkling supplies and labor, and haulage 
transfer hoppers. All trucks in mining plant D were 
equipped with exhaust scrubbers. 


Mining Plant E 


Plant E is one of the largest and oldest metal- 
mining plants in the world, mining copper ore from 
five different lodes. Approximately 8000 tons of ore 
are hoisted per day from 11 shaft mines on these 
five lodes. Tramming methods used in all are very 
much alike owing to the similarity of the lodes. 
Orebodies generally lie in beds 8 to 12 ft thick dip- 
ping 36° to 38° from horizontal. Inclined shafts have 
been sunk along the dip of the vein and normal to 
the strike, either in the footwall or in the vein, de- 
pending on the circumstances. At level intervals of 
150 to 200 ft, drifts are run from the shaft into the 
vein along the footwall. Chute holes are driven up 
the vein at intervals of 16 to 20 ft. Overcutting con- 
nects the chutes and serves as a starting point for 
stoping. The ore is mined by the ribbed pillar 
method of retreat stoping. Two chutes serve each 
stope; stopes are from 30 to 48 ft wide. In one in- 
stance, open stopes with random pillars are used. 


Haulage Equipment: Goodman storage battery lo- 
comotives haul the ore to the shafts where it is 
dumped between the rails directly into inclined 
skips. Six-ton two-wheel drive locomotives and 
8-ton four-wheel drive locomotives are used to pull 
trains ranging in size from one 5-ton to six 744-ton 
end-dump cars. Car sizes are standardized by mine 
depending on the pertinent skip capacity; however, 
the locomotives vary in sizes from tramming point 
to tramming point depending on the length of haul 
and the production from any given tramming point. 
Average length of haul is 2500 ft. A standard gage 
of 40 in. and a standard rail of 40 lb are used. 


Table VIII. Underground Haulage Costs, Mining Plant D, 1955 


Repairs and Supplies Road Building and Total per 
Mine Rock Tons Labor, $ Including Tires, $ Fuel, $ Maintenance, $ Ton, $ 
i 146,488 0.145 0.229 (Tires-0.104) 0.013 0.013 0.390 
2 80,516 0.168 0.206 0.008 0.001 0.383 
3 143,243 0.163 0.079 (Tires-0.026) 0.014 0.002 0.258 
4 149,081 0.162 0.098 0.009 0.002 0.271 
5 93,679 0.140 0.085 0.005 0.002 0.232 
6 87,632 0.198 0.143 0.011 0.004 0.356 
7 107,818 0.147 0.107 0.009 0.001 0.264 
8 64,130 0.128 0.073 0.023 — 0.224 
9 57,796 0.129 0.137 0.003 0.002 0.271 
10 95,445 0.138 0.109 0.006 0.002 0.225 
11 129,541 0.185 0.066 0.007 — 0.258 
12 221,045 0.091 0.069 (Tires-0.029) 0.003 — 0.163 
Total 1,376,414 0.147 0.112 0.009 0.002 0.270 
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Loading and Dumping Methods: In the mines 
where the ribbed pillar stoping method is used, cars 
are loaded from wooden chutes lying on the foot of 
the stope and extending through chute holes over 
the sides of the cars. To some extent ore flows by 
gravity. Where flat spots occur because of a roll in 
the vein or where the dip is not steep enough, a 
scraper is used to scrape the dirt into the cars. Elec- 
tric or air-driven tuggers power the scrapers. 

Eimco-21 loaders are used in the drifts and in the 
open stope mines. Where 742-ton cars are used with 
the Eimco loader, an Eimco-21 conveyor is used to 
fill the car to capacity. Canton car transfers or 
switches are used to switch cars in the development 
headings. 

Tram cars are dumped directly into the skips by 
means of an air cylinder that elevates one end of 
the car and causes the dirt to run through the 
swinging door on the other end. 

Storage: Facilities are not provided at the shaft 
for storage of ore. The present system allows for 
only limited storage by having more trammers than 
are required under normal conditions, the storage 
facility being the extra tram cars. Under normal 
conditions 10 to 12 pct trammer waiting time occurs 
during a shift; this is necessary to guarantee a steady 
supply of rock for the skip if delays occur at one 
or more of the tramming points. 

Cost Analysis: Direct labor attributed to tramming 
includes loading, tramming, waiting time, and car- 
dumping time. It does not include labor spent scrap- 
ing ore from the breast to the chutes. Tramming 
operates on an incentive system: cars are paid for 
by allowing the trammer a bonus per extra car over 
a variable base, which depends on length of haul, 
car capacity, and other factors. The bonus also 
varies with length of haul, etc. Direct labor cost 
averages $0.236 per ton; this is equivalent to 50¢ 
per ton-mile. Fringe benefits add $0.040 per ton. 
Supply costs are largely the result of battery re- 
placements. Battery life averages seven years. Main- 
tenance includes the indirect labor of the charge- 
man. Power includes all costs of supplying the de 
charging current; this includes rotary MG sets and 
their maintenance, power lines, etc. Average tram- 
ming costs are given in Table IX. 


Table IX. Average Tramming Costs in Dollars per Ton, 


Mining Plant E 
Direct labor 0.236 
Supplies 0.053 
Maintenance 0.040 
Power 0.031 
Fringe benefits 0.040 
Miscellaneous 0.016 
Total 0.416 


As previously mentioned, no storage is provided 
underground. The labor cost expended in nonpro- 
ductive waiting time is estimated as 20 pct; this is 
$0.047 per ton. Fringe benefits amount to $0.008. 
Cost of maintaining a capacity hoist is then $0.055 
per ton. The tramming cost can also be expressed 
as follows: 


5280 
Loading, tramming, dumping $0.361 per ton x 


= $0.763 per 


ton-mile 


0. 
Providing storage at shaft — per ton 
0 


Future Planning: The need for economies in 
transportation is a live problem. Improvements are 
in process or under study for diesel locomotives and 
underground storage pockets, and gradual transition 


916—MINING ENGINEERING, SEPTEMBER 1956 


to 6-ton or 8-ton locomotives and 7%4-ton cars is 
planned. 

Diesel locomotives are considered because less 
capital expenditure is required per unit. Also, a 
diesel has high operating availability and greatest 
mobility. Without extra batteries, the present 8-ton 
locomotives are limited to approximately 140 ton- 
miles per shift. It is expected that a portion of the 
underground haulage will be dieselized; this will not, 
however, replace the storage battery locomotive 
haulage entirely. 

Underground storage has not been adopted pre- 
viously because the cost of pocket installation when 
applied to the indefinite and relatively low tonnage 
per level has not been economic. As labor rates rise 
and economic tramming distances increase this trend 
is reversed. It is expected that some pockets will 
be justified. Advantages are increased tramming 
labor efficiency, increased utilization of tramming 
equipment, and available ore for off-shift hoisting. 
Disadvantages are increased capital expenditure per 
plat and the necessity for better fragmentation. The 
present method can handle a 2x3-ft chunk. 

New properties or rehabilitated mines are stand- 
ardized on 74%4-ton cars and skips. All new loco- 
motives purchased are either 6-ton or 8-ton units. 


Mining Plant F 


In mining plant F. one of the largest and most 
modern metal mines in the U. S., transportation 
must be organized to function without delays. 

Mining operations are conducted on two main 
levels (Nos. 1 and 2) for haulage purposes. No. l, 
the more extensive, is connected to higher levels by 
ore passes and other raises. All the ore from these 
higher levels is loaded into muck trains on No. 1 
level through raises out of the fingers of stub slusher 
drifts. No. 2 level, 300 ft below, has only three 
slusher drifts on a connecting higher level. These 
drifts also lead into the fingers of stub slusher drifts. 

Although the haulage system used on both levels 
is similar, there are some differences, which are 
noted in the following paragraphs. 

The adits, with timber, the fringe drifts (hanging 
wall and footwall drifts), and the loading drifts 
have timbered sections. All timbered areas are top- 
lagged and, where necessary, side-lagged. At present 
concrete is replacing timber in most new areas in 
the loading drifts at the loading points. Manways 
and loading cutouts with drawholes are concreted 
with the drifts. The general luading drift dimensions 
remain about the same . 

Slusher drifts are placed on 34-ft centers (three 
car lengths) to allow loading from several draw- 
points at once. 

On new development, the grade is kept to 0.5 pet 
or less wherever possible. Although usually less 
than 0.4 pct in the loading drifts themselves, grade 
facilitates drainage in areas that accumulate water. 

All trains are loaded downgrade, as it is extremely 
difficult to move a loaded train upgrade from a com- 
plete stop. The downgrade corresponds to the ven- 
tilating system, and the train is faced into the fresh 
air stream. This reduces the number of men ex- 
posed to dust created by loading. All drawpoints 
are equipped with small sprays. 

Haulage Methods and Equipment: All level haul- 
age at plant F is by rail using electric trolley loco- 
motives. Although there are battery locomotives in 
the mine, they are generally restricted to use by 
development crews. 
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2500 


Rubber tire shuttle seen 
above and at right offers 
great mobility and oper- 
ates in either direction. 
Time is saved in loading 
and discharging. Haul- 
ing demands greater ton- 
nage and better break- 
age. 
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Convenience and flexibility are gained by the use of diesel loco- 
motive shown at left while speed and larger output result from 
the system shown above. 
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Outside the mine in switching and dumping areas, 
in the portal and around the fringe drifts, 90-lb rail 
is used. In the loading drifts a 60-lb rail is used. 

Motor generator (MG) sets are installed at eight 
places to provide de power to the trolley system. 
On No. 1 level there is one set at the crusher and 
two at the portal outside the mine. Three are in- 
stalled underground at strategic places. On No. 2 
level there is one at the crusher outside the mine 
and one at a main loading drift on the footwall. 

Four hundred and forty volts ac are delivered to 
the MG sets and 275 volts de from the MG set to 
the trolley line. In theory, 250 v are available at al- 
most any point on the trolley line, but in fact, the 
voltmeters on some of the locomotives show an 
available line voltage between 220 v and 250 v. 

The State mining code prohibits de voltages 
greater than 275 v underground. Direct current is 
considered safer because of a lesser tendency for 
spasmodic grasping of hot wires, and it has added 
advantages of flexibility in use and installation and 
in the locomotives themselves. 

At present there are 11 Atlas 19-ton, 4-wheel 
locomotives and 7 General Electric 20-ton swivel- 
truck 8-wheel locomotives in use. The Atlas loco- 
motives are used on the No. 2 level, each hauling 
22 cars. On No. 1 level, the Atlas locomotives haul 
20 cars and the G. E. locomotives 22 cars. The loco- 
motives and the first four or five cars are equipped 
with air brakes, which may be operated independ- 
ently or together. The locomotives also have me- 
chanical brakes, and the G. E. locomotives have 
dynamic electric brakes. 

Cars used at mining plant F are the Granby side- 
dumping type of two makes. The Lake Shore Mfg. 
Co. type is rated at 200 cu ft and the Card Car Co. 
type at 190 cu ft. Actual capacity, level with the 
ends, is 193.4 cu ft for the Lake Shore type and 
181.4 cu ft for the Card type. Car’dimensions are 
given in Table X. 

The car factor (i.e., the tonnage actually car- 
ried in each car) for the first 11 months of 1955 
was 9.08 tons on No. 2 level and 8.20 on No. 1 level. 

On No. 2 level there is only one dump block, as 
there is only one crusher. On No. 1 level there are 
three dump blocks, two for regular grade and one 
for the low grade. All are on one track. For this 
reason provisions are made to move the dump 
blocks out of line of the dump wheels and pass cars, 
undumped, to whichever ore bin is desired. 

Car cleaners are utilized. Essentially the car 
cleaner is a pneumatic ram with a toothed bar at 
the end, installed in line with the dump blocks. 
When the cars are in dumping position with the 
door open, the cleaner may be pushed into the car 
and along the car bottom, loosening any muck that 
sticks. 

A cleanup crew is composed of several experi- 
enced leadmen to operate equipment and direct the 
work and to indoctrinate all new men coming to 
the mine. An Eimco E-40 mucking machine (elec- 


Table X. Dimensions of Cars Used in Mining Plant F 


Overall (center of coupling) 11 ft3 in 
Wheel base 4ft6in 
Track gage 36 in 
Overall height unloaded Vein. Card 

7 in, Lake Shore 
Body length outside 9 ft 10 in. Card 

9 ft 9% in. Lake Shore 
Body width outside 6 ft 11% in. Card 

7 ft 4% in. Lake Shore 


tric trolley) is used in conjunction with shovels in 
drifts that have become fouled with spilled muck 
or other material. 

Loading crews are responsible for cleaning up 
spills as they occur, so that most drifts can go for 
a considerable time before it is necessary for the 
cleanup crew to work in them. 

Without cleanup, derails become common. Many 
trains can be tied up by one derailment, especially 
on the fringe drifts and in the adit. 

Haulage Communication System: Dispatchers are 
stationed outside each portal and inside where the 
first branching of tracks within the mine takes place 
(No. 1 switch). The inside and outside dispatchers 
can communicate with each other and with the ore 
bins and crusher by telephone. The inside dis- 
patcher is also connected to various points within 
the mine by telephone and to the rest of the plant 
by a Bell telephone. 

In addition, all the haulage locomotives and many 
of the smaller locomotives used by nippers and 
cement crew are equipped with radio telephones 
operating through the trolley wire. Dispatchers on 
the No. 1 level are also so equipped, while only the 
inside dispatcher on the No. 2 level is hooked into 
the system. No. 1 and No. 2 levels are on separate 
frequencies so that there is no interference be- 
tween the two. 

In the loading drifts a system of buzzers or 
whistles is used by the brakeman or loaders to 
signal to the motorman. Throughout the mine, one 
signal means to stop, two to back up, and three to 
go ahead. If signals are given slowly the operation 
is to be done slowly. 

Hauling and Loading Times and Distances: Haul- 
ing time is that interval necessary to go from No. 1 
switch out of the mine, dump all cars, and return to 
No. 1 switch. 

Loading time is the interval necessary to go from 
No. 1 switch around the fringe drifts into the load- 
ing drifts, load all cars, and return to No. 1 switch. 
In Table XI times are average for the first 14 days 
in December 1955. 

Haulage Costs: Haulage costs per ton are sum- 
marized in Table XII. 


Table XI. Hauling and Loading Times and Distances 
in Mining Plant F 


Item No. 1 Level No. 2 Level 
Haulage time 22 min 12 min 
Loading time 50 min 24 min 
Round trip time 72 min 36 min 
Haulage distance 10,400 ft 9450 ft 
Loading distance 
Longest 6,650 ft 
Shortest 1,750 ft 
Average normal 5,450 ft 2330 ft 
Round trip distance 
Longest 17,500 
Shortest 12,150 ft 
Average 15,850 ft 11,780 ft 
Average speed 
Hauling 472.7 ft per min 787.5 ft per min 
(5.4 mph) (8.9 mph) 
Loading 109 ft per min 97.1 ft per min 
(1.2 mph) (1.1 mph) 
Total 220.1 ft per min 327.2 ft per min 
(2.5 mph) (3.7 mph) 


Table X11. Haulage Costs Per Ton, Mining Plant F 


Item No. 1 Level No. 2 Level 
Payroll 0.104 0.061 
Supplies 0.021 0.016 
Power 0.006 0.003 
Distribution 0.062 0.042 
Direct 0.004 — 
Total 0.197 0.112 
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Mining Plant G 

The three mines comprising mining plant G are 
primarily producers of zinc concentrates, mining 
sphalerite in a gangue of dolomite, which includes 
small amounts of chert. 

The low grade orebodies require that mining be 
done on a large scale. In these mines jumbos break 
the ore, which is loaded by overcast loaders and 
conventional dipper-type shovels. Diesel trucks 
transport the ore from face to underground crusher. 
This report is concerned with the costs as applied 
to the haulage by truck and with the factors that 
have affected them. 

Haulage Methods and Equipment: Two types of 
haulage units are used, a semi-trailer and the 
Koehring Dumptor. The Dumptor transported 87 
pet of the tonnage hauled during the period covered 
by this summary. 

The Koehring Dumptor carries an 8-ton load and 
is powered by a GMC 4-cylinder diesel engine. 
Driving tires are either 16x24 in. or 18x24 in. and 
steering tires 10x20 in. Braking is done by a hy- 
draulic system. The unit dumps to the front, by 
gravity, and the loaded box rocks forward. Ejection 
of the load is swift and efficient and a minimum of 
time is spent at the grizzly. The Dumptor travels 
efficiently in either direction and requires little 
maneuvering at the loader. Maintenance of these 
units has been light and of a general nature. 

The semi-trailer unit consists of a Dart tractor 
and a 10-ton trailer. The Dart is powered with a 
4-cylinder Cummins diesel engine driving a single 
axle with dual wheels and mounted with air brakes. 
The gooseneck, two-wheel trailer, is a hydraulic 
rear dump, built without brakes or springs and rid- 
ing on 12x24-in. tires. The tractor mounts 9x20-in. 
tires throughout. Maintenance of these vehicles has 
been of a routine nature. 

Comparatively, the semi-trailer unit requires 
more maneuvering at the loader and at the grizzly 
and requires a longer dumping time unless provi- 
sions are made for stringing out the load. The 
trailer units are also used as a service vehicle to 
convey explosives and other supplies. 

In general, it is apparent that washing, cleaning, 
and drying out the trucks (particularly the running 
gear) regularly and frequently prevents consider- 
able costly repair work. 

None of the trucks operate with scrubbers for the 
exhaust gases. It is believed that enough ventilation 
is available to keep the noxious gases below the 
critical concentration levels, and care is taken to 
keep the motors in the best operating condition. 

For better evaluation of truck costs at individual 
mines, conditions of haulage and repair are listed. 

Mine 1: The roadway in mine 1 is level except for 
a few short grades. It is constructed of broken rock 
with a top dressing of jig tailings consisting almost 
entirely of crushed dolomite. The water table is 
close to the floor of the mine and roads are wet but 
well drained. The surface of the roadway is hard 
and packed. It is maintained in good condition with 
a standard patrol grader and tailings added oc- 
casionally. 

Average round trip distance for the current year 
is 6000 ft. Repair facilities are underground. When- 
ever possible, unit change-out is practiced, and the 
damaged section is sent to the surface shops for re- 
pair. 

Mine 2: In road layout, construction, and main- 
tenance mine 2 is essentially the same as mine 1. 
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Average round trip distance is 3200 ft to one end of 
the mine and 5200 ft to the other end. A significant 
difference is that the repair shop is on the surface 
and is connected with the mine by an inclined adit. 
This permits driving a truck to the surface for re- 
pair and service in a dry, well lighted shop. The 
effects of this are readily apparent in the cost sum- 
mary. 

Mine 3: Mine 3 differs from mines 1 and 2 mainly 
in having considerably longer hauls and hauling 
more tonnage. Round trip distances to the shaft 
area from the three major orebodies are 4800, 5600, 
and 7000 ft. The majority of travel is in crosscuts 
on level, well made roads surface dressed with jig 
tailings. Road maintenance is by a patrol grader 
and must be done frequently and regularly. Re- 
pair facilities are underground, and unitized repairs 
are made whenever possible. 

Cost Analysis: Following are explanatory notes 
related to the categories in the cost summary, Table 
XIII, p. 924. 

Tons Hauled: This represents all loads hauled, 
development waste, tailings, and ore. 

Repair Hours: As charged per vehicle. 

Repair Labor Cost: As charged per vehicle. 

Parts Cost: By inventory control. 

Fuel-Oil-Lubrication: Fuel is charged direct per 
gallon, and oil and grease are converted to equi- 
valent units to receive a basic charge. 

Tire Cost: This figure is based on tires purchased 
and repairs from July 1954 to September 1955 and 
includes a 10 pct increase for handling, hoisting, etc. 
This represents a decrease of 1.4¢ over a comparable 
figure based on 1951-1952 experience. This is due 
primarily to the use of nylon tires, which resist 
casing breaks and permit more recaps. Also, im- 
proved road maintenance has lengthened tire life. 

Operating Labor Cost: As charged per vehicle, 


. regardless of type of load or service. 


Mining Plant H 

Mining plant H is in the process of changing some 
of its mainline haulage from mine cars and track to 
a belt-conveyor system. Because the conveyor sys- 
tem is not completely installed and fully in opera- 
tion, any costs would be misleading. The following 
brief summary of haulage practices should be of 
value to mining men. Three systems of haulage are 
employed in the mine. 

Mainline Belt Conveyor: Ore from continuous 
mining machines is conveyed with a system of belt 
conveyors to a mainline conveyor belt, which dumps 
into an ore bin of 2800 capacity. Ore is removed 
from this bin by a plow feeder and is transported 
by short conveyors directly to the hoisting shaft 
pocket. 

Panel Belt and Track: Ore from continuous min- 
ing machines is conveyed with a system of conveyor 
belts to a 2500-ft panel belt, which dumps into mine 
cars that are hauled to the rotary dump and dumped 
into the ore hoisting pocket. 

Conventional Loading and Track: Ore from Joy 
loaders is loaded into shuttle cars and dumped into 
mine cars by elevating conveyors. 

Costs of the above systems are in the order listed, 
the belt conveyor being the cheapest. 


Mining Plant | 
Mining plant I is a medium-size zinc-lead mine 
having working conditions similar to those of plant 
A. However, mining and transporting systems are 
different in several respects. 
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motives are used on the main fal age level, and 
both trolley and storage battery locomotives serve 
the other levels. 

A single-drum, electric-driven hoist situated at 
the top of the incline shaft on the main haulage 
level is used to transport men, ore, and supplies to 
and from the different levels. 

An Allis-Chalmers HD-5 diesel Soa tractor 
SS ae with an Se gas conditioner is used to 

perate the trackless, self-loading tanec and 
move the drill jumbo. 

The crawler tractor is powered by General Motors 
2-cylinder, 2-cycle, direct-injection diesel engine, 
with 414-in. bore and 5-in. stroke, developing 40.26 
hp at drawbar and 50.25 hp at belt. Governed at 
full load the engine runs at 1800 rpm; at maximum 
torque it runs at 1000 rpm. Piston speed is 1500 rpm. 

At rated engine revolutions per minute crawler 
tractor speeds are as follows: first, 1.46 mph; second, 
2.44 mph: third, 3. 30 mph; fourth, 3.96 mph; fifth, 
5.47 mph: and reverse, 1.99 mph. 

Use of these two machines has increased produc- 
tion per manshift and lowered the cost per ton of 
ore recovered materially. Formerly slusher hoists 
with scrapers were used to move the ore in the 
stopes to the draw chutes. 

The exhaust gas scrubbers are mounted at the 
rear end of the crawler tractor and several feet 
back of the operator’s seat. When filled the scrubber 
contains 20 gal of water. Approximately 15 gal are 
consumed during one working shift. At the begin- 
ning of the first shift 20 lb of sodium sulfite and 
15 oz of hydroquinine are added, and 15 oz of hydro- 
quinine and enough water to fill the tank are added 
at the beginning of the second and third shifts. At 
the beginning of the fourth shift the scrubber tank 
is thoroughly cleaned and both sodium sulfite and 
hydroquinine are added as previously stated. 

The Gismo operator tests the atmosphere with a 
colorimetric carbon monoxide indicator and makes 
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Diesel self-loading transport loading ore from stope under- 
ground. 


The 5-ton locomotive puts out 4400-lb drawbar pull and 
hauls nine Grandy car trains. Each car weighs 31% tons. 
Load weighs 51% tons. 
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a record in a book of the results of his daily tests. 
Whenever any carbon monoxide can be detected in 
the mine atmosphere, the Gismo operator has orders 
to shut the machine down until repairs and adjust- 
ments to the engine have been satisfactorily per- 
formed. The mine is ventilated by a large-capacity 
fan and auxiliary blower fans with tubing. The 
State mine inspector also makes periodic safety in- 
spections and tests for carbon monoxide and oxides 
of nitrogen with suitable portable indicating devices. 

Transportation or mining costs were not made 
available. 


Mining Plant J 

Haulage Methods and Costs: Mining plant J, one 
of the newer copper mines in the U. S., has utilized 
trackless haulage since it was started. 

The underground haulage unit, equipped with a 
275-hp diesel engine, transports approximately 15 
tons of ore from the working area to the dumping 
point. Gross weight of the vehicle is 70,000 lb. The 
predicted haulage radius of the unit is approxi- 
mately half a mile from the dumping point. Present 
costs on the units now operating are as follows: 

The production labor for operation is 0.063¢ per 
ton. Material production cost is 0.013¢ per ton, or 
the aggregate production cost of haulage is 0.076¢ 
per ton. Maintenance labor on the ore haulage units 
is 0.035¢ per ton. Material cost for maintenance work 
is 0.055¢ per ton, which is an aggregate of 0.090¢ per 
ton of ore. A cost of 0.080¢ per ton for tires should 
be added to these figures. This makes an overall 
total of 24.6¢ per ton ore haulage. 

Operating conditions under which the trucks are 
utilized are severe. Road conditions are poor and no 
means of improvement has been found at this time. 
It is believed that if adequate hauling roads could 
be sustained, a better figure could be obtained re- 
garding maintenance and tire costs. Trucks operate 
in an 8-ft horizon. This does not allow any sub- 
grade to be built into the road bed; therefore, un- 
dulations in the floor cannot be corrected satisfac- 
torily without cost in excess of that required to 
operate the trucks under present conditions. 


Mining Plant K 

Mining plant K is an example of a mine utilizing 
compressed air trammers. It produces 200 tons of 
gold-silver ore a day by working two shifts on six 
days a week. The mill feed has a gold-silver ratio 
that ranges between 1:5 and 1:10 with 1:8 average. 
The mill is also operated on two shifts six days a 
week. A gold-silver concentrate is produced. The 
tailings from the flotation units can be treated by 
cyanidation to produce a mechanical mixture of gold 
and silver bullion. Of 67 men employed, 47 work 
underground. The average ore produced per man- 
shift for all underground employes is 4.25 tons. 

The current production of gold-silver ore is mined 
from a common vein system. The veins are in silici- 
fied andesite. The rock walls, high in feldspar con- 
tent, slake quickly when exposed to air and mois- 
ture. Rapid kaolinization results in talcky, blocky, 
and heavy ground. Stress adjustments occurring 
after introduction of quartz-vein filling resulted in 
movement along vein walls, and in cross-faulting 
and brecciation of vein quartz; this resulted in 
physically weak ore and rock masses. 

The mine is operated through an inclined three- 
compartment timbered shaft that dips 5212° be- 
tween the shaft collar and a point 50 ft below the 
600 level from where the dip increased to 65° 
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Original air-trammer as it appears today with slight modifi- 
cations. Handles two 32-cu ft rocker dump cars easily. 


A rebuilt Tramaire chassis ready to go back into service. 
Special features include lower motor to axle sprocket ratios 
for increased speed and range. Starting torque is seemingly 
not affected. 
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throughout its length. Mine levels are 125 ft apart 
vertically, except between the 700 and 800 levels, 
which are 150 ft apart. Each level has a timbered 
shaft station and a skip pocket of 100-ton capacity. 

Shrinkage, cut-and-fill stopes, and square-set 
timbering filled with waste fill (where the vein is 
wide) are employed to recover the ore. In the 
shrinkage and square-set stopes, l-in. diam slotted 
wedge-type steel rock bolts and 6x6-in. bearing 
plates % in. thick are used to pin the hanging wall 
where necessary. 

Recently shrinkage stopes and square-set timber- 
ing filled with waste have been discontinued and 
only cut-and-fill stopes and square sets with a pre- 
pared sandfill are now employed to recover the ore. 

Haulage Methods, Equipment, and Cost: Formerly 
hand tramming was practiced on all operating levels 
of mining plant K. In 1947 an adjoining mine intro- 
duced a trammer operated by compressed air (Uni- 
versal Tramaire) to replace hand tramming. 

That mine subsequently discontinued develop- 
ment work, and mining plant K eventually rented 
the unit for trial purposes. Despite its crude ap- 
pearance this little trammer did so well that all 
levels have been equipped gradually with air- 
powered machines. The little hot rod has been rele- 
gated to development levels, one after the other, 
and is still pounding away on a long development 
tram day in and day out. 

A second unit (Tramaire) was purchased early in 
1951 but was of the later design. This unit is powered 
exactly the same as the old prototype, i.e., a Gardner- 
Denver geared air motor having a nominal rating 
of 4 hp. The only significant difference was a 50-cu 
ft receiver instead of a 42-cu ft receiver. 

A third unit, purchased in January 1952, was 
identical to the second unit (Tramaire) except that 
a 6-hp motor was specified. The increase in horse- 
power made so noticeable a difference in perform- 
ance that the power plant in the second unit was 
converted to 6 hp by the simple expedient of chang- 
ing cylinders and pistons. 


Utex Jumbo with Ruth diesel exhaust gas conditioner. 
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A fourth unit was purchased in March 1954. This 
is an Eimco 401 air locomotive, which has a 58-cu 
ft receiver, a 7¥%-hp air motor, and two-speed 
transmission. 

A fifth and most recent unit was placed in service 
on December 6. This is a Universal Tramaire, with a 
36x84 receiver (50 cu ft) and a 10-hp G-D air motor. 
Although this unit has only been operating a short 
time, its performance is so dramatically improved 
that air trammers appear to be the efficient machine 
for this plant. 

The experience with the various air trammers has 
not been exactly inexpensive, and a large number of 
revisions have been made. However, once the re- 
visions have been made, performance and durability 
have been outstanding and it is believed that the 
added investment has been worthwhile. 

All four Tramaires have interchangeable axle 
assemblies, and only one spare set of wheels, axles, 
and sprockets need be kept on hand. 

The improved performance of the 10-hp model 
lies in both the speed (and load-pulling character- 
istics) and the noticeably reduced air consumption. 
Whereas the 6-hp model can handle only three cars, 
the 10-hp engine handles four with about 50 pct 
less charging. Also, the air motor will still handle 
the train when the receiver is nearly exhausted, 
whereas the smaller motors require substantially 
greater pressures at stalling speeds. 

The approximate weight of the later model Tram- 
aires is 2800 lb, while the Eimco 401 is shipped at 
3260 lb. Mine management found it expedient to 
build a box between the frame members at the front 
of the Tramaires where 250 lb of ballast in the form 
of 1%-in. grinding balls can be carried to aid in 
keeping the forward drivers on the rails so the net 
effect is a locomotive of about 3100 lb. 

Mine cars have been standardized on a Coeur 
d’Alene hardware rocker dump car of nominal 
32-cu ft capacity. This car is shipped at a weight 
of 1600 lb. The average car factor, using that type 
of car, is 1.44 tons, which produces a gross car 
weight of 4500 lb. Two 32-cu ft cars are hauled by 
the 4-hp unit, three by the 6-hp units, and four with 
the 10-hp unit. Actually the new motor would 
handle a longer train comfortably, but tail room on 
the stations for longer trains is lacking. With fewer 
curves, and a lighter grade (now 0.75 pct), the 
motors would handle a much greater load on less air. 


Table XIV. Mining Plant L Costs for First Half of 1955 


Supervision $2,236.49 
Underground labor* 40,702.33 
Surface labor** 301.27 
Repair labor; 7,596.78 
Miscellaneous 395.99 

Total direct labor $51,232.86 
Timber and lagging $2,132.61 
Mine tools 57.41 
Pipe fittings 43.52 
Other suppliest 5,748.24 

Total direct supplies $7,981.78 
Electric power $1,267.94 


Garage charges 35.75 

Social Security taxes 
Total misc. direct 
Total direct costs $62,410.45 = $0.201 per ton of 


ore trammed 


* Includes loaders, motormen, timber repairmen, and labor for 
concreting. 

ath ean track repair and snow removal on section from adit 
portal. 

7 Includes mechanical and electrical labor for car and locomotive 
repair. 

t Includes rails, mechanical and electrical supplies for cars and 
motors, and pre-mix concrete. 
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It is difficult to express the distance traveled in 
terms of an average. However, the longest distance 
now is 1300 ft, and most of the production is from 
stopes 1000 to 1300 ft from the pockets, currently. 

The speed of these motors, at full throttle, is 4 to 
5 mph. However, charging time will cut that speed 
in half. 

Air consumption varies drastically with the vari- 
ous units because the loading is not the same. How- 
ever, it is noted that the 6-hp units will require 
charging on the station, plus two intermediate re- 
chargings, to reach the maximum distance with only 
three cars. 

The tonnage handled varies greatly from level to 
level and from day to day. As much as 100 tons per 
shift (one man working alone) has been trammed 
from a distance of 800 ft. As yet, there has been no 
opportunity to keep the newest motor busy for a 
full shift, and its daily capacity cannot be known. 

Maintenance costs through the rebuilding stage 
have been high. However, since all the new com- 
ponents have been installed, there has been virtually 
no maintenance. Chain is the greatest single item 
of repair, and this has become insignificant in the 
last year or so. Each unit uses approximately 13 ft 
of chain (RC-80) at a cost of $2.50 per ft. Barring 
accidents, chains now last for more than a year and 
haul 15,000 to 20,000 tons each. 

The air-powered trammers, with the exception of 
the first, have all cost about $2,000 delivered, plus 
the cost of replacing the running gear assemblies. 


Mining Plant L 

Mining plant L is a medium-size metal mine pro- 
ducing lead and zinc ore containing variable amounts 
of subordinate minerals, which include silver, gold, 
cadmium, cobalt, and bismuth. Rail haulage has 
been practiced by utilizing trolley and storage bat- 
tery locomotives at this mine. A diesel locomotive 
is used at another mine under development and 
operated by the same company. 

Mining plant L has been in continuous operation 
for 71 years and the aggregate length of the mine 
workings is more than 78 miles. 

The mine is opened by a main haulage adit 10,000 
ft long, and a main underground three-compartment 
shaft inclined at about 50° and connecting with the 
lower working levels. 

About 1200 tpd are produced with an underground 
labor force of 570 men. 

Haulage Methods, Equipment, and Costs: At min- 
ing plant K, the mine tram (adit) is 10,000 ft long 
on a 0.38 pct grade in favor of the loads. Eight-ton 
trolley locomotives are used on 18-car trains. Each 
car has a capacity of 4.3 tons or 77.4 tons of ore per 
train. The empty cars weigh 2 tons each. There- 
fore, the locomotives handle more than 100 tons 
when the trains are loaded. The track is 24-in. and 
is 90-lb relay rail. Two 18-car trains operating two 
shifts a day do the tramming. 

A list of the costs for the first six months of 1955 
are given in Table XIV. They cover 310,552 dry 
tons of ore trammed and include the timber repair 
costs for the 10,000-ft adit. For the past two years, 
sections of the adit have been concreted. The fol- 
lowing costs also include the cost of some of this 
work. 

The 5-ton diesel locomotive now operating in an- 
other mine of the same company is powered by a 
40-hp 4-cycle Buda engine. It handles eight cars 
of 4.3-ton capacity on a 4000-ft tram. The grade is 
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0.2 pct in favor of the loads. The locomotive is not 
working at its capacity and definite cost for tram- 
ming cannot be given. At present, the locomotive is 
working less than 30 hr a week. One hour every 
other week is spent on routine servicing. 

After 15 months, or 2000 hr of operation, the loco- 
motive was overhauled. It was necessary to put on 
new drive sprockets and chains. New valves, piston 
rings, and cylinder head were put in the engine. 


Mining Plant M 

Mining plant M is a medium-size metal mine pro- 
ducing zinc, lead, and silver ore in which rail haul- 
age has been practiced by utilizing trolley, storage 
battery, compressed-air, and diesel locomotives. 

Mining is accomplished by the horizontal slice, 
timbered, cut-and-fill method. 

The 2000-level adit and mine are ventilated by a 
main Axivane fan of 4-ft diam mounted on the sur- 
face and operated blowing. The fan delivers 57,000 
cfm. 

A total of 350 men are employed daily on three 
shifts of which 200 work on the day shift. Approxi- 
mately 900 tpd are produced. 

Haulage Practices, Equipment, and Costs: The 
ever-rising cost of labor and supplies has made 
more urgent the need for reducing mining costs. 
One of the high-cost phases of a mining operation 
is materials handling, especially so at this mine 
where several transfers are made before the mate- 
rial reaches the working place. 

The rail in this mine is 30-lb on 24-in. gage laid 
on 0.4 pet grade on the levels. Maximum haulage 
distance is about 1800 ft. Storage battery loco- 
motives of 3, 442, and 6 tons are used on the levels, 
of which 19 are in service. In addition, there are 
three 14%-ton trammers and two compressed air 
locomotives that are used for short hauls on new 
levels. 

Until recently all haulage from the mine to the 
main shaft was accomplished with two 8-ton 75-hp 
275-v trolley locomotives. Two 4-ton 275-v loco- 
motives were used for other service. 

The new 2000-level main haulage adit was driven 
at 0.5 pect grade on 24-in. gage with 70-lb rails. Two 
Plymouth Model DDT 10-ton, 109-hp four-wheel 
diesel locomotives are used for haulage. They are 
equipped with Allison 400 series hydraulic torque 
converters. They are powered by G.M. Model 3-71-70, 
2-cycle, direct-injection diesel engines, which de- 
velop 100 hp at 2000 rpm. Recently, one of them 
was clocked at full speed on the downgrade at 24.3 
mph with no load. Haulage distance is about 8500 ft. 

Also in service on the new haulage level is a 
Plymouth 5-ton diesel locomotive powered by a 
Buda Model 4 BD-182, 4-cylinder, 4-cycle diesel 
engine of 334-in. bore and 44%-in. stroke through a 
Fuller Model 12-S hydraulic torque converter. The 
engine develops 40 hp at 2400 rpm. Locomotive 
speed is 2, 3, 6, and 9 mph at 1000 rpm; 2.8, 4.2, 8.4, 
and 12.6 mph at 1400 rpm; 4.2, 7.1, 14.2, and 21.4 
mph at 2400 rpm. Eight hundred to 900 tpd are 
being hauled in special Neymatic 8-ton cars. The 
ears are loaded automatically with a weigh-loader 
at the shaft and are dumped at the discharge point 
by means of two rollers, which travel in an are and 
engage with dumping irons at each end of the car. 
The body is hinged at the side of the car so that the 
truck remains on the track while the body is turned 
over. Primary crushing is done underground. 

Ore and waste is hauled on the levels with Rocker 
dump cars holding 50 cu ft when level full, or a 
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load of about 3.4 tons. The car is made locally and 
weighs 2285 lb. 

Haulage cost for the first ten months of 1955 is 
$0.42 for main haulage, $0.70 for haulage above the 
4000 level, and $0.23 a ton for haulage below the 
4000 level. 


Mining Plant N 

Mining plant N is a new metal mine and still in 
the development stage. The main minerals in the 
orebodies consist of pyrite, pyrrhotite, chalcopyrite, 
and cobaltite. 

Rail-haulage is practiced by using principally 
diesel and storage battery locomotives. 

The altitude of the mine workings ranges from 
6852 ft to more than 7400 ft. The main 6850 level 
is the main haulage adit which was driven about 
6400 ft into the northerly side of a canyon. Levels 
have been established at 100-ft vertical intervals 
from 7100 to 7400 ft above sea level. 

Ore occurs in irregularly shaped pods that cut 
across the bedding and schistosity of the schists, 
quartzites, and argillites, which comprise the coun- 
try rock. Stoping is accomplished by cut-and-fill, 
square-set and fill, or sometimes rock bolt and fill, 
according to local conditions. Classified mill tails 
are used for fill, and the fill is poured to within 
working distance of the back as soon as possible 
after the horizontal slice has been stoped. 

Approximately 750 tpd are mined by 150 under- 
ground employes. 

The mine is ventilated by an underground re- 
versible-type main fan operated exhausting, located 
in a run-around drift near the portal of the 6850 
level. The fan circulates 30,000 cfm of air through 
the mine. 

Haulage, Methods, and Costs: One-ton Mancha 
storage battery locomotives have been used prin- 
cipally for nipping and by drift crews on the upper 


Five-ton locomotive be- 
ing powered by a 40-hp 
4-cycle Buda engine with 
scrubber unit mounted 
on side. 


levels where the tramming distance is not great. In 
drifting, about 2000 ft is the maximum tramming 
distance in which 1-ton locomotives pull five 1700- 
lb cars, each carrying about 11% tons of muck. Occa- 
sionally, they are used for tramming ore from 
stopes. On the 7300 level, a Mancha locomotive is 
used to pull two 4000-lb cars, with 2.6 tons capacity 
each, for a round-trip distance of about 500 ft. On 
a full-shift basis a crew could average 50 round 
trips. 

On the upper levels two Plymouth 5-ton diesel 
locomotives, with 60-hp Buda 4-cycle diesel engines, 
are employed. The first was placed in service on 
Oct. 1, 1951, and the second on Dec. 20, 1952. Only 
one is used on the main ore haul, pulling an average 
of eight 4000-lb cars, with 2.6 tons capacity each, 
for an average round trip distance of 1600 ft on ten 
round trips per shift. Average train speed is about 
4 mph, and fuel costs 15.1¢ per gal at the mine; 
daily fuel consumption is about 16.7 gal for the two 
locomotives. One engine has been replaced and that 
replacement was due to an accident. The new engine 
cost $522.00. Engine operation before overhaul is 
about 5000 hr, and daily repair and maintenance 
costs for each locomotive average $12.88. 

Two 8-ton Plymouth locomotives, each driven by 
a Hercules Model DRXC diesel, 4-cycle indirect- 
injection engine with a rating of 150 hp at 2200 rpm, 
are used on the 6850 main haulage level. The first 
was placed in service on Dec. 12, 1949, and the 
second on June 1, 1954. One of these locomotives 
is used continuously on the ore haul three shifts per 
day; however, the locomotives are interchanged to 
suit the situation. The second locomotive is consid- 
ered a spare and is used one or two shifts per day 
on other work. On the ore haul, the locomotive 
pulls 6 cars, each weighing 6300 lb and carrying 8.3 
tons. The average round trip distance is 9000 ft 


Table XIII. Truck Haulage Costs from Oct. 1, 1954, to Sept. 30, 1955, Mining Plant G 


Fuel-Oil- Total Operating 
Repair, Repair Repair Grease, Tires, Maintenance, Labor, Total, 
Hours Labor, Cost Parts, Cost Cost Per Cost Per Cost Per Cost Per Cost Per 
Unit Used Tons Hauled Per Ton, $ Per Ton, $ Per Ton, $ Ton, $ Ton, $ Ton, $ Ton, $ Ton, $ 
Mine 1 
Trailer 65,784* 0.018 0.049 0.036 0.012 0.020 0.118 0.080 0.198 
Koehring 148,231* 0.016 0.047 0.028 0.009 0.020 0.105 0.087 0.191 
naoere cost 0.017 0.048 0.031 0.010 0.020 0.109 0.085 0.194 
ine 
Sear lad 136,959 0.005 0.009 0.009 0.007 0.020 0.045 0.066 0.111 
ine ¢ 
Koehring 223,317 0.021 0.054 0.041 0.10 0.020 0.124 0.108 0.232 
All Mines 
574,291 0.015 0.041 0.030 0.009 0.020 0.099 0.089 0.188 


* Total tons hauled 214,015. 
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with six trips per shift. Average train speed is 7 
mph, and daily fuel consumption is 24.9 gal for the 
two locomotives. Neither locomotive has had its 
engine replaced; new rings are installed at 4000-hr 
intervals and a complete overhaul is performed 
after 6500 hr of operation. Repair and maintenance 
costs averaged $12.41 a day for each locomotive. 


Ail diesel locomotives are equipped with exhaust 
gas scrubbers. 


Conclusions 


Diesel motors are far superior to gasoline motors 
in haulage operation of all types underground in all 
respects as to safety, efficiency, and costs. 

Tire costs are excessive on large trackless haulage 
units and they are a critical item on all units; the 
field is wide open for developing better tires. The 
hydraulic tire is reported to be a hope. 

Unless a good roadway can be maintained, track- 
less haulage is excessively costly. 

Diesel locomotives, trucks, bulldozers, and other 
diesel-powered equipment are fast proving their 
superiority for mine transportation purposes. 

There are a few instances where a direct com- 
parison can be made between battery-powered, 


trolley-electric-powered shuttle cars, cable-reel 
cars, or locomotives in the same mine. 

Where physical conditions, life of the mine, pro- 
duction, steady working time, and undoubtedly other 
factors are available, belt conveyor systems provide 
the lowest transportation costs. Trolley haulage is 
on its way out in metal mines. 

Transportation costs range from 10¢ to 42¢ per 
ton. Twenty-five cents a ton appears to be an 
average cost at this time. 
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Abstracts 
Debismuthizing of Lead 
by T. R. A. Davey 
(Journal of Metals, page 341, March 1956; AIME Trans., vol. 206) 


The fundamental principles by which bismuth may be removed from lead by pyrometallurgical processes are 
enumerated. Qualitative discussion of the phase diagrams concerned is followed by presentation of quantitative 
diagrams. Brief mention is made of the practical aspects. Data presented show how chemical lead (>0.005 pct Bi) 
may be produced by the Jollivet, Dittmer, and Kroll-Betterton processes. 


Separation of Germanium and Cadmium from Zinc Concentrates by Fuming 
by H. Kenworthy, A. G. Starliper, and A. Ollar 
(Journal of Metals, page 682, May 1956; AIME Trans., vol. 206) 


Vapor pressure determinations were made on synthesized germanium sulfides. Germanium and cadmium 
were removed from sphalerite concentrates by fuming. The fume was retreated to separate some of the cadmium 
from the germanium and, at the same time, upgrade the germanium to more than 5 pct. 


Reaction Zones in the Iron Ore Sintering Process 


by R. D. Burlingame, Gust Bitsianes, and T. L. Joseph 
(Journal of Metals, page 853, July 1956; AIME Trans., vol. 206) 


Despite almost fifty years of commercial practice, the sintering of iron ore has received little fundamental 
study. One method of attack is to arrest the sintering zone after it has progressed part way through the bed. 
The same general method was developed independently in the present investigation to study partially sintered 
beds typical of American practice. Dissection procedures were developed for immediate and accurate sampling 
of all the zones in partially sintered beds. The chemical composition changed gradually across the various zones. 
Methods were developed for impregnating and sectioning partially sintered beds of iron ore. This permitted a 
study of the very narrow sintering zone, which advances as portions of the charge soften, fuse, and merge into 
the cake of sinter. 


Discussion 


Anionic Flotation of Quartz 


by C. C. DeWitt 


(MINING ENGINEERING, page 66, January 1955; AIME Trans., Vol. 202) 


The negative charges on diaphragms of quartz, 
tungstic oxides, stannic acid, acid dyestuffs, soaps, and 
glass have for a number of years been explained on 
the basis of chemical equilibria—a hydrogen ion or 
light metal ion passes into solution Jeaving the solid 
complex ion negatively charged. 

While there are a number of observations which in- 
dicate a proportionality between the ¢ potential and the 
streaming potential it should be recognized that all the 
experimental evidence thus far presented shows that if 
hydrogen ion concentration is kept at a constant value, 
electrokinetic phenomena are influenced by salts. The 
multivalent ions exert the greatest effect on the reduc- 
tion of osmotic flow. In the interpretation of all 
electrokinetic data the assumption is made that the 
potential of the solid remains constant. That this is not 
true is evidenced by the values of ¢ potential for quartz 
in contact with conductivity water as reported by the 
several investigators and by the authors of this paper. 
It is apparent that the nonreproducibility of surfaces 
will always prevent the obtaining of exactly compar- 
able data. At best the experimental technique described 
depends on a theory which is capable only of showing 
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a trend—another quartz surface should exhibit similar 
but not identical potential curves. 

It seems entirely reasonable to assume that the nega- 
tively charged laurate ions should have little or no 
attraction for a.negatively charged quartz surface. The 
weight of previous experience in selection of flotation 
activators points unerringly to the usefulness of the 
multivalent metallic ions. 

The primary reason why the divalent barium ion is 
not available to two negative charges on the quartz 
surface might easily be that of distance between such 
adjacent negative charges. Otherwise activation could 
not occur, and the quartz could not assume the remain- 
ing unit positive charge of the barium ion. For this 
case no electrical double layer theory seems necessary. 
Clearly this is, at the negatively charged quartz sur- 
face, a case of partial chemisorption of the cationically 
divalent barium ion followed by the anionic neutral- 
ization of the remaining cationic charge by the freely 
moving laurate ion. 

It is hoped that the authors will continue with this 
interesting technique and that their results will con- 
tinue to indicate trendwise what is known about the 
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theory of chemisorption. Theirs is an excellent ap- 
as a to an answer for the question: How shall one 
fo) tain a true, a usable measure of differential electron- 
sharing possibilities of a given polar group for a par- 
eee group of minerals or for two different numerals. 
eo Gaudin and D. W. Fuerstenau (authors’ reply) 

e authors are pleased that their work has inter- 
ested Dr. DeWitt enough to encourage him to take the 
trouble to send a written discussion. They are espe- 
cially pleased that Dr. DeWitt shares with them the 
potential studies constitute an 
can greatly help understanding the 

Quite possibly the authors have failed t 

reproducibility of their data. The 
urements recorded in the charts were sometimes ob- 


tained on different quartz plugs and sometimes several 
months apart, yet the points representing the measure- 
ments fall on the same curves. This is an instance of 
extraordinarily good reproducibility. Accordingly, we 
interpret Dr. DeWitt’s comment on nonreproducibility 
of surfaces to refer to the difficulties in interpretation 
of streaming potentials in terms of calculated ¢ poten- 
tials. As we have indicated in our own paper and as 
is further discussed in detail in the thesis by D. W. 
Fuerstenau, such phenomena as surface conductance 
play a major part in the calculation, and to date a 
ara assessment of these various factors is not avail- 
able. 

We hope Professor DeWitt will find it possible to 
devote some of his research effort to the further study 
of streaming potentials. 


Discussion 


Particle Size and Flotation Rate of Quartz 


by 


W. E. Horst 
T. M. Morris 


(Mrninc ENGINEERING, page 415, April 1956; AIME Trans., Vol. 205) 


W. E. Horst—In regard to the flotation rate being 
described as “first order” for flotation of quartz par- 
ticles below 65 w in size (or any size studied in this 
work) in this paper, it appears that the authors’ con- 
ception of rate equations is not in agreement with cited 
references. 

A first order rate equation has as one of its forms 
the following: 


a 
In ———— = kt 
a—x 


where a = initial concentration, a—x = concentration 
at time t, t = time, and k = constant. The constant, k, 
has the dimension of reciprocal time which is similar 
to the specific flotation rate, Q, described by Eq. 2 in 
the authors’ article, as has been previously discussed 
by Schumann (Ref. 1 of original article). 

The plotted data presented in Fig. 4 of the article 
utilizes the specific flotation rate, Q (min.*); however, 
there is not adequate data given to indicate the order 
of the rate equation which describes the flotation be- 
havior of the quartz system studied. 

Results from the experimental work indicate that 
the relationship between rate of flotation (grams per 
minute) and cell concentration (provided the per- 
cent solids in the flotation cell is less than 5.2 pct and 
the particle size is less than 65 ») is described by an 
equation of the first order (Rz = k c.", n being equal to 
1 in this size range) and the use of the first order rate 
equation does not apply. Similarly the relationship 
for other particle size ranges studied is expressed by 
equations of the second or third order depending on 
the magnitude of n. 

T. M. Morris—The authors are to be commended for 
the experiments which they performed. As they state 
in their discussion the concentration of collector ion 
in solution did change with change in concentration of 
solids in the flotation cell. Since for a given size of par- 
ticle, flotation rate increases with concentration of col- 
. lector until a maximum is reached, the effect of con- 
centration of particles in their experiments was to 
vary the concentration of collector ions. 

A collector. concentration which insures maximum 
supporting angle for all particles eliminates the un- 
equal effect of collector concentration on various sized 
particles and the effect of size of particles and con- 
centration of particles upon flotation rate could be more 
clearly assessed. 

I believe that if the authors had increased the con- 
centration of collector to an amount sufficient to attain 
a maximum supporting angle for all particles they 
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would find that the specific flotation rate of particles 
coarser than 65 » would be constant with change in 
the concentration of solids in the flotation cell, and 
that a first order rate would apply to the + 65 as well 
as to the —65 u sizes. It might also be discovered when 
this change in collector concentration was made that 
the maximum specific rate constant would be shifted 
toward a coarser fraction than when starvation quanti- 
ties of collector are used since this practice favors the 
fine particles and penalizes the coarse particles. 

P. L. de Bruyn and H. J. Modi (authors’ reply)—The 
authors wish to thank Professor Morris for his kind re- 
marks and for mentioning the influence of equilibrium 
collector concentration on flotation rate. With a col- 
lector concentration sufficient to insure maximum sup- 
porting angle for all particles, a first order rate equa- 
tion may indeed be found to be generally applicable 
irrespective of size. Such a concentration would, how- 
ever, lead to 100 pct recovery of the fine particles and 
consequently defeat the essential objective of the in- 
vestigation to derive the maximum information on 
flotation kinetics. 

To establish absolutely the validity of any single rate 
equation for a given size range, the ideal method would 
be to work with a feed consisting solely of particles of 
that size range. Use of such a closely sized feed would 
also eliminate the possibility of the interfering effect 
of different sizes upon one another. 

The authors do not believe that increasing the col- 
lector concentration would shift the maximum specific 
flotation rate (Q) towards a coarser fraction. Experi- 
mentation showed Q to be independent of solids con- 
centration for all particles up to 65 » in size, whereas 
the maximum value of @ was obtained in the range 37 
to 10 uw. Professor Morris contends that the addition of 
starvation quantities of collector favors fine particles at 
the expense of coarse particles, but the reason for this 
is not entirely clear to the authors. 

The comments by Mr. W. E. Horst are concerned only 
with the concept of the term “first order rate equation.” 
According to the usage of this term in chemical kine- 
tics, time is an important variable, as is shown in the 
equation quoted by Mr. Horst. All the experimental 
results reported by the authors were obtained under 
steady state continuous operations when the rate of 
flotation is independent of time. To be consistent 
with the common usage of the “first order rate ‘equa- 
tion,” it would be more satisfactory to state that under 
certain conditions the experimental results show that 
the relation between flotation rate and pulp density is 
an equation of the first order. 
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Discussion 


Acid Coal Mine Drainage. Truth and Fallacy About a Serious Problem 


by Douglas Ashmead 


(Mrninc ENGINEERING, page 314, March 1956; AIME Trans., Vol. 205) 


In his paper Mr. Braley makes no mention of the 
bacteriological aspects of the problem. It is now quite 
well established that certain bacteria play a major role 
in formation of acid mine waters, and it is a simple 
matter in the laboratory to show that under sterile 
conditions the rate of acid production from a pyrites 
suspension is only about one quarter of that obtained 
from a similar suspension inoculated with drainage 
from a mine producing an acidic pit water. Under ster- 
ile conditions the oxidation is due to direct chemical 
action and, from the evidence just given and from 
much other evidence, this increase under nonsterile 
conditions is due to certain bacteria. 

Experiments recently completed, and shortly to be 
published, have shown that this bacteriological oxida- 
tion can be prevented by the maintenance of pH con- 
ditions above 4. It was found that to raise this pH 
above 4 at the beginning of the experiments was not 
sufficient but that, due to the continuing chemical oxi- 
dation, alkali had to be added daily to maintain the pH 
conditions above 4. The amount of alkali added, how- 
ever, Over a fixed period, was only about one quarter 
of the alkaline equivalent of the acid produced when 
pH conditions were not controlled over an equal pe- 
riod. The opinion expressed by Mr. Braley that sodium 
hydroxide has little or no effect on the rate of oxida- 
tion of pyrites is not substantiated by the above 
experiments. 

The writer does not claim that these results show a 
practical solution to the problems, especially in aban- 
doned workings, but feels that the application of an 
alkaline coating, such as lime wash, to exposed acces- 
sible workings might be well worth trying. 

S. A. Braley (author’s reply)—In 1919 Powell and 
Parr’ suggested that bacteria, or some catalytic agent, 
hastened the oxidation of pyritic or marcastic sulfur in 
coal. Carpenter and Herndon (1933)? attributed the ac- 
tion of Thiobacillus thiooxidans. Colmer and Hinkle 
(1947)* observed an organism similar to T. thiooxidans 
and another organism that oxidized iron. Leathen and 
Braley* first discovered this organism in 1947 in a sam- 
ple of water from the overflow of the Bradenville mine 
(Westmoreland County, Pennsylvania). They charac- 
terized the organism in 1954° and gave it the name 
Ferrobacillus ferrooxidans. Although Temple and Col- 
mer (1951)° had suggested the name Thiobacillus ferro- 
oxidans, since they claimed it oxidized both ferrous 
iron and thiosulfate, we have found that pure cultures 
of the organism do not oxidize thiosulfate, hence the 
name F. ferrooxidans. In 1955 Ashmead’ isolated an 
organism, similar to the one called Thiobacillus ferro- 
oxidans by Temple and Hinkle, from acid mine water 
in Scotland. It is probable that this organism was F. 
ferrooxidans. In 1954 Bryner, Beck, Davis, and Wilson® 
reported microorganisms in effluents from copper mine 
refuse. These organisms appeared to be similar but 
were not in pure culture. 

In view of this history of bacterial investigation of 
acid mine water and our own ten years of experience, 
we do not agree with Mr. Ashmead that bacteria play 
a major role in acid formation. We do not find that any 
of these bacteria will directly oxidize pyritic material. 
They do, however, augment the chemical formation of 
sulfuric acid by atmospheric oxidation. In two papers 
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in 1953° Leathen, Braley, and McIntyre discuss the role 
of bacteria in acid formation and postulate the mech- 
anism through which they operate. 

Mr. Ashmead in his discussion of my paper has as- 
sumed that this work was carried on in the presence 
of acid mine water in which bacteria would be present. 
This was not the case. Strictly sterile conditions were 
not maintained, but the organisms present in mine 
drainages were definitely absent in these experiments. 
We believe that we have demonstrated that alkalis do 
not inhibit the chemical oxidation of pyritic material. 
This is also indicated by Mr. Ashmead’s discussion in 
which he says that alkali must be added daily due to 
the continuing chemical oxidation. 

It is interesting to note that Mr. Ashmead finds that 
maintenance of pH above 4.00 decreases the activity of 
the bacteria. We have found also that a decrease in pH 
below 2.8 also inhibits its activity. Table XIII of pub- 
lished data’ illustrates the decrease in activity with 
increased acidity, although pH values are not given. 


Table XIII. Increase in Acidity Attributed to 
lron-oxidizing Bacteria 


Acidity Increase for Periods, Pct 


Culture 10 Weeks 22 Weeks 29 Weeks 
Ill 161 356 84 
IV 129 232 47 
Vv 144 338 98 


These values are in comparison with uninoculated 
controls and show the marked increase in acidity up to 
22 weeks but a decline at 29 weeks, at which time the 
experiment was terminated. It is probable that after a 
longer period only chemical oxidation would have 
continued. 

From our studies? we have postulated that the iron 
oxidizing bacterium (Ferrobacillus ferrooxidans) oxi- 
dizes the ferrous iron, resulting from chemical oxida- 
tion, to ferric iron. The ferric iron then aids the atmos- 
pherie oxidation of the sulfuritic material and is itself 
reduced to ferrous iron, which in turn acts as food for 
the autotrophic bacteria. 

Study of the physiologic properties of F. ferrooxi- 
dans shows that its preferred pH is about 3.00 and its 
activity decreases with variation in either direction. It 
is extremely inactive above pH 4.00 and below 2.5. This 
inactivity above 4.00 is indicated by Mr. Ashmead’s 
observations. 

These properties of F. ferrooxidans then correlate 
perfectly with our hypothesis. Ferrous iron is oxidized 
very slowly by atmospheric oxygen in highly acid solu- 
tion and since the bacteria become inactive, acid is 
formed only by atmospheric oxidation. At a pH of 4.00 
or above iron is more readily oxidized by atmospheric 
oxygen, but the bacterial activity is decreased. How- 
ever, with a pH above 4.00 the ferric iron is removed 
from the field of activity since its soluble sulfate hy- 
drolyzes and precipitates the iron as ferric hydroxide 
or a basic sulfate. As we have shown in the paper un- 
der discussion, the alkali does not inhibit the chemical 
oxidation, and thus the acid formation continues. This 
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continuation would eventually reduce the pH to 
active range of the bacteria, and they St ieee 
the chemical oxidation until the pH became so low that 
they would become inactive and again only the chemi- 
cal oxidation would prevail. 

_We are indeed appreciative of Mr. Ashmead’s discus- 
sion calling to our attention a point which we did not 
mention in the paper. We believe that these facts sub- 
stantiate our hypothesis of the role of bacteria in for- 
mation of coal mine acid. 

As Mr. Ashmead states, regardless of the fact that 
alkali retards the activity of bacteria it does not indi- 
cate a solution to the problem, because of the inaccessi- 
bility of area of abandoned workings and the necessity 
for renewal of the alkali at intervals. Rock dusting 
constitutes such a procedure. Due to rapid removal of 
water from haulageways very little acid develops in 
these dry areas. Fresh working faces which are also 
rock dusted do not produce acid water. Evidence of the 
continuing acid formation in rock dusted areas is 
shown by the brown streaks of precipiated iron show- 
ing through the coat of rock dust. Such areas, once 


abandoned, loose the rock dust coat by neutralization 
and spalling, and its effect is soon lost. 
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Discussion 


Low-Temperature Carbonization of Lignite and 
Noncoking Coals in the Entrained State 


by 


(Mininc ENGINEERING, page 54, January 1956; AIME Trans., Vol. 202) 


R. G. Minet—The authors’ description of the remark- 
able progress made in the last few years in applying 
the fluidized solids technique to the problem of lignite 
drying and carbonization clearly demonstrates that 
engineering techniques available today may make 
many processes practical and profitable which a few 
years ago were considered otherwise. As pointed out 
in the article, the future of the carbonization step 
hinges on the value and utilization of low temperature 
tar. On paper, at any rate, this tar looks like a valuable 
raw material for the chemical industry to use. Some 
50 to 60 pct may be converted to pitch for electrodes, 
roofing, road tars, and other valuable products; the 25 
to 30 pet tar acids could conceivably form a basis for a 
new low cost resin or plastic of the phenolformalde- 
hyde type. Yet these materials are so new and dis- 
similar from available sources that much work must 
be undertaken by the chemical industry before they 
will be accepted. Now that the work of Dr. Perry and 
his colleagues has made a large supply of low tempera- 
ture tar a real possibility, I would expect the chemical 
industry to accelerate its work in this field. 

On the basis of certain data available in the litera- 
ture it appears possible to produce a more aromatic 
tar, although in smaller yield, by operating at tempera- 
tures in the range of 1300° to 1500°F. Operating a 
fluidized bed process for lignite at these conditions 
should be technically possible, at least, and could pro- 
duce a tar having more familiar characteristics. I 
wonder if Dr. Parry would care to comment on such a 
possibility. 

Incidentally, in our own work on carbonizing coking 
coals in fluidized beds, using Ohio, Pennsylvania, and 
West Virginia high volatile bituminous coals, we have 
obtained yields which agree with the correlation given 
for tar yields vs moisture and ash-free volatile Btu. 
Our data are slightly under the line, but certainly in 
the range of the correlation. We have also obtained 
evidence in support of the authors’ statement as to the 
effect of air on the process. In our pilot plant all the 
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heat required for carbonizing is released by internal 
combustion of char in the fluidized bed in normal oper- 
ation. We are also equipped to obtain all carbonization 
heat by external electric heaters on the shell of the 
carbonizer while introducing only an inert gas to the 
process. We note no difference in tar yield or character- 
istics between the two operations. In the case of the 
gas, however, it appears that some hydrogen is con- 
sumed by the air combustion. 

We would be interested in hearing in a little more 
detail about the hot dust and char handling problems 
at Sandow. Have the authors found char subject to 
spontaneous combustion? Have they ever tried a cok- 
ing coal in their pilot plant? 

V. F. Parry (author’s reply)—Production of a more 
aromatic tar by operation of the carbonizer at 1300° to 
1500°F does not appear to be economical. 1) The capac- 
ity of a reactor operating at 1500°F would be 30 to 50 
pct less than the capacity at 932°F and the cost of proc- 
essing would increase materially. 2) The cracking of 
tar vapors in a reactor requires appreciable time to 
complete the reactions and it is doubtful that consider- 
ing the very short time of residence of tar vapors with- 
in the reactor (4 to 10 sec after evolution) the basic 
character of the tar would be changed significantly. 
This is indicated from the data reported in Table XIV. 
3) General studies have shown that it is advisable to 
operate at the minimum temperature to produce the 
maximum tar and minimum gas. 4) Operating prob- 
lems and the maintenance of vessels and reactors, and 
the hazards of handling hot char, increase with the 
temperature of carbonization. It is technically possible 
to operate at temperatures as high as 1500°F, but in my 
opinion it is not economical or desirable. We believe 
that the primary tar must be won in the simplest way 
and then processed alone to change its character for 
production of desired products. 

It is interesting to have confirmation of our observa- 
tions on the reaction of air with the products of car- 
bonization. The major reaction is with the char, fol- 
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Hi | R. G. Minet 
| N. E. Sylvander 
| G. A. Vissac 


lowed by hydrogen and then the tar vapors. We have 
observed that as the air/coal ratio is increased, the 
reaction with hydrogen increases, and with the ratio of 
6 cu ft of air per lb of dry coal, some tar is consumed. 

The hot dust and char must be handled extremely 
carefully without contact with air. It is explosively re- 
active if dispersed in air and it must be handled in a 
blanket of inert gas. After the char is cooled, it is sub- 
ject to rapid spontaneous combustion because of its 
high reactivity and it is not feasible to stockpile char 
produced from carbonization in fluidized systems. 

We have carbonized weakly coking coals, such as the 
Franklin County Illinois No. 6 coal, and other western 
bituminous coals in the pilot plant but have found it 
necessary to oxidize these fuels to prevent trouble- 
some agglomeration and coking on the walls of the 
reactor and piping. We believe it is quite feasible to 
carbonize coking coals in the process by circulating 
char with the fresh coal, but significant experimental 
work along this line would require operation on a rela- 
tively large reactor. 

N. E. Sylvander—Mr. Parry and his coauthors de- 
serve our appreciation for this comprehensive report 
on low-temperature carbonization possibilities with 
lignite and noncaking coals. The experimental data are 
complete and in the presented form can be used to 
evaluate these coals in connection with almost any low- 
temperature carbonization process. In addition to com- 
plimenting the authors on this informative paper, these 
collateral comments are offered. 

Stone, Batchelor, and Johnstone’ have published 
quantitative data on the rate of heating and devolatiliz- 
ing coal particles in a fluid bed. A brief look at these 
data re-emphasizes the authors’ statement that low- 
cost processing plants can result from the application 
of fluidized carbonization to coal processing. Stone’s 
paper shows that coal can be heated to carbonization 
temperatures in about 75 sec. This rapid heating is 
confirmed by accompanying data which show the de- 
volatilization of the coal approaches equilibrium in 
that same short period of time. Heating and devolatiliz- 
ation as a function of particle size are briefly discussed, 
showing that initial devolatilization is much more rapid 
for the smaller particle size, but that there is little 
difference after 160 sec. 

Correlations of potential tar yield in pilot-scale and 
plant-scale operations from laboratory assays are most 
useful. Since the authors’ data suggest that the poten- 
tial yield of primary tar would correlate equally well 
with the hydrogen content of the coal, it would be in- 
teresting to learn whether this possibility has been 
ruled out by data not shown. 

The small-scale assays are compared to the pilot unit 
yields in Table IX. Here, it is concluded that pilot plant 
yields are from 1 to 1.3 times the assay yield. Our work 
with Pittsburgh seam coals indicates that potential 
yields of primary tar by continuous fluidized carboniza- 
tion can be 1.3 times the laboratory assay yields. This 
increase is explained by the rapid heating rate men- 
tioned by the authors, and by the presence of fluidizing 
gases which sweep the products of carbonization out of 
the retort. 

The pilot plant yields for the first three coals in 
Table [IX may not exceed the assay because of lower 
pilot plant temperatures. Pilot plant yields for the 
fourth coal are favored by a temperature in excess of 
the assay. The sixth coal shows higher pilot plant 
yields at a temperature below the assay, while the fifth 
and seventh coals show yields higher than assay at the 
same temperature. The data are readily acceptable, but 
some theorizing seems in order. 

Earlier in their paper, the authors stated that con- 
siderable evidence proved the oxygen in the transport 
air reacts with the hot char recirculating in the retort 
without affecting tar yield. This implies, for example, 
that the tar yields in Table IX for the Danao and Kenil- 
worth coals would be no higher if a heated inert car- 
rier gas were employed with extra heating via the re- 
tort walls. Has such a study been made? 
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The use of a hot electrostatic precipitator has much 
appeal. The data given indicate efficiencies ranging 
from 30 to 70 pct. Is there an explanation for this varia- 
tion? 

The report on the prototype plant at Rockdale inter- 
ests all of us. Appreciation should be expressed for the 
foresight to initiate this venture and the willingness to 
solve the difficulties associated with a plant scale-up of 
this magnitude. The resolution of the fine solids han- 
dling problems will be useful to many. The low-tem- 
perature tar available from this scale operation calls 
for new avenues of use. As the authors state, market- 
ing of this new product is a major development in it- 
self. The pioneering spirit of potential consumers 
should bring about the beginning of profitable indus- 
trial ventures and lower power costs from coal in our 
great Western areas. Is Mr. Parry is a position to make 
additional comments on carbonization in the near 
future at Rockdale? : 

V. F. Parry (author’s reply)—In a previous paper 
cited as reference’ the authors discuss the time re- 
quired to heat particles of coal to remove inherent 
moisture. Experimental and theoretical evidence indi- 
cates the time required is proportional to the square of 
the diameter of the particle. Due to the extremely 
rapid rate of heat absorption of fine coal, it is prac- 
tically impossible to supply heat to fine particles at a 
constant temperature level as fast as the particles will 
absorb the heat. In other words the time required to 
heat fine particles of coal is limited more by the rate 
at which heat can be supplied than by the rate at 
which the particles will accept the heat. From a prac- 
tical point of view, when the mechanism of heating in 
a fluidized bed is considered, it is pretty well demon- 
strated by several investigators that any dry coal of 
less than % in. can be carbonized in less than 10 min, 
and this is fast enough to make fluidized carbonization 
a probable low-cost operation, especially when one 
considers that it requires about 1000 min to carbonize 
coal in a coke oven. 

We have made no attempt to correlate the yield of 
tar with the hydrogen content of the coal. However, we 
have a great amount of data from the assay of several 
hundred coals, and a study of the correlation of tar 
yield with hydrogen in the coal will be made. 

We are still curious as to why certain coals will 
yield 10 to 35 pct more tar than that indicated by the 
assay when carbonized in the pilot plant under similar 
conditions as to temperature and rate. The reason for 
the extra yield of tar from certain coals is important 
from a theoretical and economic point of view. We be- 
lieve it is tied up with the temperature and rate of 
carbonization and the difference in petrographic com- 
position of the coals. Another evidence of the difference 
between carbonization in static and fluid beds is the 
formation of cenospheres when certain noncoking sub- 
bituminous coals are heated rapidly in the fluidized 
unit.® Elkol coal from Lincoln County, Wyo., and Sun- 
trana coal from Alaska fuse, but they do not agglomer- 
ate in the fluidized unit and show no fusion when car- 
bonized in the assay unit or other conventional static 
beds. Although it is generally indicated that 932°F 
(500°C) is the optimum temperature for maximum tar 
yield, this may not be true for all coals. 

The mechanism of the reaction between air and coal 
in the reactor has been of continuing interest. Experi- 
mental results from pilot plant tests on 30 coals indi- 
cate that with low rates of air/coal (those less than 3.5 
cu ft of air per lb of dry coal) there is little evidence 
of reaction of the air with the tar vapors and the yield 
of tar is approximately the same as the yield when no 
air is used. We have not studied the effect of different 
air/coal ratios on the Danao and Kenilworth coals, and 
our principal studies of the effect of increased air have 
been on Texas lignites. 

With respect to the efficiency of the hot electrostatic 
precipitator: the efficiency of this section of the con- 
densing equipment depends upon the properties of the 
coal being carbonized. Certain coals decompose or de- 
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grade more than others and this places different loads 
on the precipitator, resulting in various efficiencies. For 
example, the lignites have no tendency to form ceno- 
spheres during carbonization, but certain subbitumi- 
nous coals and all bituminous coals tested form small 
cenospheres that are relatively easy to remove before 
the electrostatic precipitator. The composition of the 
gases carrying the dust through the precipitator affects 
the maximum voltage that can be applied, and, conse- 
quently, the efficiency. 

G. A. Vissac—This is an interesting contribution to 
the problem of increased returns from a given coal by 
improved methods of utilization. 

However, the final answer must be expressed in dol- 
lars and cents. On the Texas lignite, the paper indicates 
the following results: 


heat of vaporization should not be credited to the raw 
lignite, as is the case when the gross heating value is 
used. If we assume that the fuels are burned with 30 
pet excess air and that the stack gases leave the gener- 
ating unit at 500°F, the heats available for useful work, 
neglecting radiation, are as follows: 


Item Raw Dried Char 
Available heat, Btu per lb 5622 8836 9192 
Yield, percent of raw* 100.0 63.3 45.5 
Available heat in solid product 
from one ton of raw, MM Btu 11.24 11.19 8.36 
Ratio of available heat in product 
to available heat in raw lignite 1.00 0.996 0.744 


* Net yield, atter using 7 pct of product is used to operate the 
drier. 


Item Raw Coal Dried Coal Char 
Moisture 35.6 5.3 0 
Ash 9.3 19.0 
Combustible 55:1 81.0 81.0 
Btu's 7,156 10,520 
Theoretical 
recovery | 67.88 48.94 
less used in dryer 4.08 4.08 
(6 pct of 67.88) 

Net recovery 63.80 44.86 


If we assume a value for the raw coal f.o.b. plant of 
$1.72 per ton, or 12¢ per million Btu’s, the correspond- 
ing fuel values of the products are: dried coal, $2.52 
per ton, or $1.60 per ton of raw coal; char, $2.57 per 
ton, or $1.15 per ton of raw coal. 

If we assume a recovery of 18 gal of tars and oils at 
6¢ per gal, and operating and capital costs of 20¢ and 
40¢ per ton for each product, the balance sheets of 
these operations indicate for the drying a net loss of 
32¢ per ton of raw coal and for the combined drying 
and carbonization a net profit of 13¢. Actual recoveries, 
taking all losses into consideration, would still give 
lower results. Drying alone improves furnace efficiency, 
but the char is more difficult to burn. Predrying here 
results in considerable degradation, as shown in Table 
VI (average size down from 8 to 3) on account of ex- 
cessive overloading, compared to the German practice 
(4 to 5 tons per unit against 50 here) and as a result, 
byproducts may be more difficult to collect. 

On the same basis, the balance sheet results show a 
wider margin with a bituminous coal such as shown, 
from Utah. On the basis of an f.o.b plant value of $3.08 
for the raw coal the carbonization products are char, 
$1.84, and oils, $2.40. The total of $4.33 less $3.08 gives 
an increased recovery of $1.25 per ton of raw coal. 
Drying would not normally be required here. 

To be profitable, carbonization costs (capital and 
operation) must be under $1.25 per ton of raw coal. 

W. S. Landers (author’s reply)—Mr. Vissac has de- 
termined the relative values of raw and dried lignite 
on the basis of gross heating values instead of from 
the steam-raising capacities of the raw and net result- 
ant dried lignites. A portion of the water has already 
been evaporated during the drying process and its 


We have estimated that the cost of drying this lignite 
will be about 19 cents per ton after charging off the 
fuel required for drying as above. The total cost of dry- 
ing, including the loss of available heat, is estimated at 
19 to 20 cents per ton of raw lignite, instead of the 32 
cents per ton that Mr. Vissac has used. 

The value of the tar is not yet established, but vari- 
ous groups are studying this problem. We have recog- 
nized that the crude tar must have a sufficiently high 
value to warrant its production and recovery, and have 
generally considered that it should sell for more than 
6 cents per gallon before the process can be applied 
economically. This, of course, is a function both of the 
cost of the coal and the yield of tar. These factors have 
been evaluated in a recent publication.” 

Drying does reduce the size of the lignite, as Mr. Vis- 
sac points out. This simplifies the utilization when pul- 
verized coal burners are used, but does increase the 
dust collection problem. 

The throughput is higher than in German driers, but 
this does not necessarily constitute “excessive overload- 
ing.” Our intent has been to develop a practical drier 
that will provide the most economical means of drying 
large tonnages of high moisture fuel. This means maxi- 
mum utilization of equipment and high capability per 
dollar invested. The physical size of the product is of 
minor importance compared to the upgrading of the 
fuel when it is intended for power plant use. 

We have observed no difficulty in burning the rela- 
tively high volatile chars obtained by low-temperature 
carbonization of lignite or subbituminous coals. The 
reactivity of the low rank coals carries over to the 
chars. Chars made from bituminous coals or low-vola- 
tile higher temperature chars made from the low rank 
coals present ignition problems. Such chars are not 
discussed in this paper. 
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Discussion 


Coal Preparation with the Modern Feldspar Jig 


by L. L. Mohier 


(Mining ENGINEERING, page 649, July 1955; AIME Trans., Vol. 202) 


Mr. Vissac’s study is very elaborate and complete 
and gives a clear idea both of phenomena occurring 
during operation of the feldspar jigs and results ob- 
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tained by some of them in Europe. I have no intention 
of going into a complete discussion, but I would like 
to give a few comments about these results already 
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obtained and make some comparisons with other wash- 
ing devices. 

Since I intend to compare the various types of units 
mentioned in Mr. Vissac’s article, it will be very con- 
venient for me to use a strict comparison factor. For 
this purpose I will use the imperfection factor, men- 
tioned by Mr. Vissac, which was introduced some years 
ago by Charbonnages de France. This factor is estab- 
lished by the formula 


I= 


E 


d—1 
In this formula E is the well known probable deviation 
(probable error) and d is the separation gravity (or 
partition density). 

I will remind the reader that the result of a coal 
washing operation depends on several factors: 1) the 
nature of the coal, characterized by its washability 
curves; 2) the separation gravity, or specific gravity at 
which separation of the products is effected; and 3) the 
intrinsic qualities of the washing device. 

The imperfection depends almost entirely on the 
third factor mentioned above: the intrinsic qualities of 
the washing device. It is a very good comparison factor 
indeed, whereas consideration of the efficiency alone 
does not show at all the real value of the units. For 
instance, in Table V presented by Mr. Vissac, we see 
that the Liévin installation works at 93 pct, whereas 
the l’Escarpelle plant works at 99.4 pct, and still the 
washing units of Liévin are better than those of 
VEscarpelle; in effect we shall see hereafter that the 
imperfection of the Liévin units is only 0.104, whereas 
that of l’Escarpelle units is 0.15. In other words, had 
the Liévin’s jigs been installed at l’Escarpelle, the effi- 
ciency of this plant would have been higher than 99.4 
pet. 

Efficiency depends on the shape of the washability 
curve of the coal treated, and its use to compare two 
units is definitely erroneous, unless one considers the 
units treating exactly the same coal. As to the imper- 
fection value, the smaller it is, the better the unit. 

Having recalled this, I come back to my subject. In 
Table V Mr. Vissac indicates some probable error 
figures, which, with respect to the corresponding parti- 
tion densities, give imperfection values of modern PIC 
(Préparation Industrielle des Combustibles) feldspar 
jigs: 


Chavane 0.012 0.091 
Chavane 0.102 0.11 
Liévin 0.105 0.104 


Let us consider the other plants mentioned in the 
same table: 1) As the l’Escarpelle jigs are not PIC jigs, 
I cannot discuss the figures mentioned, 0.16 and 0.15. 
2) For the Sarre et Moselle mine No. 6, the imperfec- 
tion figures apply to SKB piston jigs (Schuchterman, 
Kramer, and Baum, Germany) recently converted into 
PIC pneumatic jigs. Originally the imperfection was 
0.19, and now, as one can see, it is only 0.12 and 0.117. 
3) At Mazingarbe, the given figures apply to PIC 
plunger jigs dating from 1938 and tested in 1948. Now- 
adays Mazingarbe is equipped with PIC pneumatic 
jigs, with which the operator obtains an imperfection 
of 0.14. 

This shows the headway made in the past few years. 
It is obvious that the good development of any kind of 
washing system, and particularly of feldspar jigs, re- 
quires much care, patience, and time. 

Table VI gives some performances of SKB jigs, char- 
acterized by an average I value of 0.19. We do not 
know the date of the test mentioned. 

For the overali 0.7 to 10 mm treated in PIC jigs, 
section A of Table VIII gives I = 0.11 and 0.135 for the 
first test and I = 0.13 and 0.14 for the second test. In 
section C, for the overall 0.7 to 10 mm also treated in 

Imperfection Values of Other Small Coal Washing 
Systems: The term rheolaveurs is a general heading 
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covering all the alluviation washing units, and we 
know that there are many types and brands comprised 
in this general category. According to the report on 
the activity of the Centre d’Etudes et de Recherches 
des Charbonnages de France (Cerchar) in 1950, the 
average imperfection value of the rheolaveurs is 0.20, 
some of them being characterized by an imperfection 
value of 0.38. 

According to the paper presented by Charbonnages 
de France at the Washing Congress, Paris 1950, the 
mean value of imperfection for pneumatic tables is 
0.20. 

Although wet tables are very little used in Europe, 
we know some operation results according to which 
the average imperfection value for wet tables lies be- 
tween 0.20 and 0.25, some specific values being 0.15 and 
some others 0.45. Let us mention, on the other hand, 
what is said in the book Coal Preparation concerning 
wet tables: “It may be stated as a general rule that on 
an average 4 in. to 0 raw-coal feed the lowest specific 
gravity at which tables will make an efficient separa- 
tion is the one that shows a 10 pct value in the +0.10 
range.’” 

Section B of Mr. Vissac’s Table VIII demonstrates 
that for unclassified raw coal jigs (Baum type), while 
the coarsest fractions of the feed (+25 mm) are suit- 
ably treated, the small coal (0.5x15 mm) is washed 
with an imperfection of 0.177. 

The influence of the imperfection value on the 
balance sheet of a washing plant will be pointed out 
by the following instance. We know an installation 
treating 200 tph of small coal (0x10 mm), the imper- 
fection of which is 0.20. Under the same conditions a 
device having an imperfection of, say, 0.15 would permit 
an annual increase of the marketable output of 22,000 
tons (at the rate of 20 working hours per day). 

The imperfection factor is used not only to compare 
the various devices as accurately as possible, but also 
to predetermine, at the time of the proposal, the results 
the installation will obtain after starting up. Moreover, 
this method is so precise that predetermined results 
can be guaranteed. Besides, this method has been ex- 
tended to other operations such as screening, dedust- 
ing, and flotation. 

Therefore, we can conclude that this mathematical 
preoccupation is not a fancy at all, but corresponds 
really to a need for both constructors and operators. 
The results given by Mr. Vissac’s tables are acceptance 
results, established at the time of the installation’s 
starting up. 

Hourly Capacities of the Units: For several years 
there has been a tendency to increase the capacity of 
plants for the treatment of raw coal. We think that 
such installations can be simple and easy to control 
only if they are fitted with a minimum number of auto- 
matic units having a large unitary capacity. Besides 
other units (screens, dedusting units, centrifuges, etc.) 
manufactured by PIC for treating large capacities, the 
larger size of feldspar jigs, fitted with the highly effi- 
cient WOLF automatic controls,’ may treat up to 400 
tph of small coal (1x0 in.). 
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Modernization Bunker Hill 
resintering Practices 


by Harold E. Lee and Donald Ingvoldstad 


T Bunker Hill the original charge storage and 
preparation system was installed in 1917 to 
accommodate lead-silver gravity mill products. Only 
minor tonnages of wet fines such as vanner and 
flotation concentrates were received. Charge flux 
and diluent requirements were provided by an 
ample supply of siderite middlings and coarse lime- 
rock. While oversize material was crushed through 
Y4-in., the use of roll crushers in series resulted in 
a more or less granular, free-running charge of ade- 
quate porosity. Under such conditions, receipts 
could be proportioned directly from receiving bins, 
and suitable blending was obtained by passing the 
resultant layered composite through a small Stedman 
disintegrator. 

This elementary system served well for produc- 
tion and smelting of an extremely lead-rich sinter, 
in the low column blast furnace. Here sinter physi- 
cal quality is less critical, and appreciable quantities 
of raw flux and oxidized ore may be charged directly 
to the blast furnace without seriously impairing 
furnace capacity. 

Prior to 1938 the relative proportions of zine re- 
ceipts were low and extraneous flux requirements 
at a minimum. However, subsequent war-inflated 
zine demands brought marked increase in fine con- 
centrate and slimy zinc leach residue receipts and 
an abrupt introduction to smelting a more refrac- 
tory zinciferous charge. The higher temperature de- 
mands of the more refractory zinciferous charge 
required a higher smelting column and the higher 
column, in turn, rendered the blast furnace less 
receptive to improperly prepared feed. Inadequate 
presinter processing facilities prevented the produc- 
tion of acceptable sinter, and blast furnace produc- 
tion declined to 50 pct of former capacity. 

In view of a prevailing contention among lead 
metallurgists as to the deleterious action of high 
zine slag on blast furnace capacity, it was natural 
to overstress this factor and to concentrate on pos- 
sible changes in furnace design. Another inter- 
pretation was that primary correction should be 
sought through expanded sintering facilities. This 
divergence of opinion, together with the extreme 
material shortages of the 1940’s, delayed corrective 
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ditioned tunnel in which the sinter charge is composited. 
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Table |. Comparative Lead Blast Smelting Data 


€ Acidity Data 
lag Type (FeO FeO 
Charge, Tons (CaO CaO Metal- 
Plant and Conditions Ingredient Pet per Day* (ZnO Ratio Oxide Oxygen y 
Plant A SiOz 2341 SiOz 
Tuyere area, 48x100 in. FeO 30.1 FeO ae 0.44 
Column 15 ft, blast 46 oz CaO 21.8 635 66.3 1.4 CaO Ser : 
Charge Pb content: 32 pct 

Plant B 22.5 Sid» 
Tuyere area, 48x180 in. FeO SYA FeO an 0.44 
Column 15 ft, blast 40 oz CaO 20.5 625 66.4 1.8 CaO ree : 
Charge Pb content: 36 pct 
Plant C-1 SiOz 29.8 SiO2 Sos 
Tuyere area, 52x180 in. FeO 315 FeO 
Column 14 ft, blast 45 oz CaO 20.2 450 60.1 1.6 CaO 5.76 s 
Charge Pb content: 38 pct ZnO 8.4 Zno 1.65 

RO 10.1 € 30.31 
Plant C-2 SiOz 22.5 SiO2 
Tuyere area, 52x180 in. FeO 31.9 FeO Wek oa 
Column 15 ft, blast 47 oz CaO 16.3 587 65.4 1.9 CaO 4.65 < 
Charge Pb content: 30 pct ZnO 17.2 ZnO 3.39 

RO 12:1 € 27.14 
Plant C-3 SiOz 21.6 SiO2 11.51 
Tuyere area, 52x180 in. FeO 29.4 FeO 6.56 Ries 
Column 14 ft, blast 47 oz CaO 14.7 [s}5}5) 65.5 2.0 CaO 4.19 "4 
Charge lead content: ? ZnO 21.4 ZnO 4.27 

RO 12.9 € 26.53 
Plant D SiOz 26.4 SiOz 14.07 
Tuyere area, 48x180+ in. FeO 30.2 FeO 6.73 a6 
Column 19 ft, blast 39 oz CaO 22.4 284 60.1 1.3 CaO 6.38 0. 
Charge lead content: 25.4 pet ZnO 7.5. ZnO 1.48 

RO 13.5 € 28.66 
Plant D-1 SiO2 25.8 SiOz 13.75 
Tuyere area, 48x180+ in. FeO 30.5 FeO 6.85 K 
Column 19 ft, blast 42 oz CaO 21.6 317 61.5 1.4 CaO 6.16 0.48 
Charge lead content: 21.5 pct ZnO 9.4 ZnO 1.85 

RO Ey € 28.61 
Plant E SiOz 19.5 10.39 
Tuyere area, 48x180 in. FeO 37.8 FeO 8.43 
Column 13 ft, blast 36 oz CaO 8.2 300 67.3 4.6 CaO 2.34 0.41 
Charge lead content: 37 pct ZnO 21.3 ZnO 4.20 

RO 13.2 € 25.36 
Bunker Hill smelter, SiO2 22.5 SiOz 11.99 

September 1937 

Tuyere area, 66x252 in. FeO 36.0 FeO 8.03 
Column 7 ft, blast 20.5 oz CaO 15.1 609 67.1 2.4 CaO 4.30 0.44 
Charge lead content: 46 pct ZnO 16.0 ZnO SoS 

RO 10.4 € 27.47 
Bunker Hill smelter, SiO» 25.2 SiO» 13.43 

August 1940 

Tuyere area, 66x252 in. FeO 30.3 FeO 6.76 
Column 7 ft, blast 16.5 oz CaO 13.0 379 59.6 2.3 CaO 3.71 0.50 
Charge lead content: 46 pct ZnO 16.3 ZnO 3.21 

RO 15.2 € 27.11 


* Monthly or longer period averages. 


procedure. During this period, however, opera- 
tional data from many sources were assembled and 
analyzed. 

Table I is a comparative summary extracted from 
this smelting data. It will be seen from this table 
that slag zine content alone is not critical, but the 
type of slag in other respects is indicated to be of 
primary importance in controlling blast furnace 
capacity. In fact, assuming the charge to be pre- 
dominantly sinter of proper FeO:CaO ratio’ and 
containing minor residual (RO) compounds ranging 
from 10 to 12 pct (thus the balance silica) a simple 
rule for attaining high blast furnace capacity ap- 
pears to demand a slag in which the = of FeO + 
CaO + ZnO approaches 66 pct. This rule presup- 
poses that all slag forming ingredients and proper 
sulfur diluents exist intimately incorporated in the 
sinter plant feed and that the composite presinter 
charge has been endowed with adequate porosity. 
Under such conditions, fast smelting sinter will 
follow. 

In the period 1948-1949, extensive laboratory ex- 
periments were conducted not only to determine 
related overall smelting requirements, but also to 
select the most promising alternative procedures. 
After all conclusions drawn were checked by actual 
pilot plant operations, 1949-1950, chemical and 
physical presinter charge control was proved to be 
mandatory. 
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To attain such control at a custom smelter subject 
to long periods of adverse weather and dependent 
on coarse flux and a wide variety of ore receipts 
necessitated: 

1) An all-weather system. 

2) Facilities for crushing all oversize materials 
to —%4-in. 

3) Enough bins—designed to permit positive 
flow—to maintain adequate segregation of charge 
ingredients. 

4) Provisions to obtain presinter analysis of the 
composite charge and a means of correcting indi- 
cated deficiencies. 

5) Adequate charge blending and pelletizing 
facilities. 

It was not economically feasible to realize the 
foregoing requirements by renovating the existing 
system, and construction of a new plant was decided 
upon. This new plant, designed and constructed 
under contract by Stearns-Roger Mfg. Co., is com- 
prised of four distinct units: a crushing plant; a 
storage, proportioning, and blending plant; a bed- 
ding plant; and a pelletizing plant. Construction 
was started in the fall of 1951 and completed in 
October 1953. The initial crushing plant unit was 
finished and placed in operation in September 1952. 

Crushing Plant: The crushing plant was molded 
into limited space of not too desirable contour. As 
shown in Fig. 1, it is designed for flexible, multi- 
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purpose service. It is utilized for: 1) crushing and 
grinding, to —%4-in., minor volumes of crude ores 
and major tonnages of charge diluents, fluxes, and 
circulating byproducts; 2) intermediate reduction 
and sizing of both finished byproducts and pallet 
dressing which is required for one-pass sintering. 
As far as dry crushing is concerned, the design is 
unique in employing a rod mill and including a 
dryer in the circuit. It will be noted that provisions 
are made for bypassing both dryer and rod mill and 
for delivery of products to variable destinations. 

Crushing plant feed is received through ten rail- 
road bins of 2600-cu ft capacity, one of which feeds 
direct to the dryer for the processing of wet slimy 
materials not amenable to passage through the more 
devious coarse crushing system. The remaining nine 
bins feed through chutes with arc gates onto a 
mobile apron feeder which regulates the flow via 
belt conveyor to the coarse crushing section. 

Primary crushing is accomplished in a Traylor 
30x36-in. type H jaw crusher. However, the feed 
opening of this unit is restricted to 24x36 in. to 
accommodate tough furnace products such as matte 
and speiss. Jaw motion is % in. and a minimum 
open setting of 2% in. is used. 

The —24-in. jaw crusher discharge is delivered 
to an Allis-Chalmers No. 648 Hydrocone crusher, 
which operates in open circuit with a 4x8-ft (%4-in. 
openings) ac rod deck screen. The —34-in. product 
of this secondary crushing circuit is conveyed to a 
Jeffrey continuous bucket elevator 77 ft high, the 
discharge of which (sampled if desired by a Geary- 
Jennings sampler) can be diverted to multiple des- 
tinations by means of a three-way splitter utilized 
in conjunction with two reversible belt conveyors: 

1) One of the above splitter legs delivers —34-in. 
sinter to a 4x8-ft Nordberg Symons rod deck screen 
with 4%4-in. openings. Oversize is returned to the 
sinter plant for pallet dressing and undersize is belt 
conveyed to storage in the proportioning plant for 
use as a sulfur diluent. 

2) A second splitter leg, via reversible con- 
veyor, is employed to bypass the rod mill com- 
pletely (either to the proportioning mill or to rail- 
road cars) and to deliver material of excessive 
moisture content to an 8x60-ft Stearns-Rogers oil- 
fired rotary dryer before it goes to the rod mill. This 
dryer operates on a 4%-in. per ft slope and is driven 
at 4.45 rpm by a 75-hp motor. The vented dryer gas 
is cleaned in a No. 24 type N Rotoclone equipped 
with an Esperanza-type slime remover. The slime 
is dewatered for circulation along with similar plant 
products and the clean gas exhausted through a 
3-ft diam steel stack by means of a No. 80 Norblo 
fan. The dryer discharge, by means of a heat- 
resistant conveyor system, may bypass the rod mill 
or be delivered to it. 

3) The predominant flow of rod mill feed passes 
through the third splitter leg to a reversible con- 
veyor which feeds either of two steel bins, 12 ft O.D. 
by 17 ft high. From these surge bins the rod mill 
flow is regulated by variable speed feeders. 

Because predesign tests demonstrated its efficient 
open circuit’ delivery of a —%4-in. product from a 
range of feed types containing up to 2 or 3 pct mois- 
ture, rod milling was selected in preference to the 
usual closed circuit roll crushing. A 9x12-ft Allis- 
Chalmers peripheral discharge dry rod mill is em- 
ployed. This mill is fed by an 18-in. diam, 70-rpm, 
5-hp screw feeder and is driven at 17.2 rpm by a 
450-hp synchronous motor. Lorain liners 2% in. 
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Fig. 1—Crushing building at the Bunker Hill Co. charge 
preparation plant. 


thick are employed and a 25 to 30-ton rod load is 
maintained by the periodic addition of 34%4-in. rods. 

Dry rod mill performance to date has been very 
satisfactory. After three years of operation, the 
original liners are still in service and the lifters 
have only recently been replaced. About once a 
month, broken rods are removed and 15 to 20 new 
rods added. Table II presents feed and discharge 
sizes when the rod mill is operating on two different 
types of feed at a capacity of about 60 tph. 

The rod mill discharge passes successively to a 
36x54-in. Robins Gyrex screen (1 mesh) for scalp- 
ing out broken rods and a Jeffrey double paddle 
mixer (12 ft long by 3 ft 11 in. wide) for wetting 
to prevent excessive dusting before it is belt con- 
veyed to the proportioning plant. 

All conveyors are interlocked and a dust collec- 
tion system serves transfer points as well as crush- 
ing and screening equipment. The dust-laden air is 
filtered through an Aeroturn dust collector contain- 
ing 24 wool felt bags, 18-in. diam by 18 ft long. A 
size 80 Norblo exhaust fan driven at 800 rpm by a 
60-hp motor vents 25,000 cfm through this unit. 

As already indicated, this plant reduces a wide 
variety of products. For operation on large tonnage, 
including flux and diluent requirements (limerock, 
slag, and sinter), an average rate of 55 tph is main- 
tained. For processing smaller tonnages of variable 


Table Il. Dry Rod Mill Grinding Performance 


Feed, Discharge, Feed, Discharge, 

Mesh Pct* Pct* Pet} Pett 
+2 50.9 0.0 69.1 0.0 
+4 30.0 0.8 15:3 0.8 
+8 10.1 satay 5.9 9.0 
+14 4.0 24.5 3.2 21.0 
+28 1.8 18.7 1.8 16:5 
+100 1.6 22.0 2.0 17.8 
+200 0.3 6.8 0.5 8.3 
—200 1.3 11.5 2.2 26.6 


* _3,-in. dump slag at 61.3 tph; rod load 30 tons. 
+ —%4-in. limerock at 57.3 tph; rod load 30 tons. 
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circulating byproducts, average capacity is obvi- 
ously reduced by time lost in switching from one 
material to another. Depending on tonnage, two to 
three shifts per day are required with a three-man 
operating crew. One extra clean-up man is employed 
on day shift. 


Charge Storage and Proportioning Section: Im- 
mediately south of the new plant, adjacent to the 
railroad bins already mentioned, 17 additional bins 
receive fine concentrate and leach residue shipments. 
Starting with these receiving bins and picking up 
the crushing plant load from the east, Fig. 2 traces 
the material flow through the storage and propor- 
tioning section. 

A 64x288-ft building houses this section. Along 
the east wall are 11 concrete bins for storage of 
crushed fluxes, diluents, and circulating byproducts. 
Five of these bins are of 7000-cu ft capacity and six 
of 3500-cu ft capacity. Eight 7000-cu ft bins along 
the opposite western wall store fine receipts which 
bypass the crushing plant. Parallel between these 
bordering storage bins are 19 steel proportioning 
hoppers of 1000-cu ft capacity. Material transfer 
from storage to the hoppers is accomplished with a 
2-yd Blaw Knox clamshell bucket operated from a 
P&H overhead crane with 61-ft span. The hoppered 
proportioning bins are spanned by a steel rail grizzly 
system which is utilized for bucket cleaning and for 
breaking compacted lumps. The grizzly rail spacing 
varies from 6 to 18 in., depending on the character 
of the material being handled. 

The segregation of incoming flux, diluents, and 
circulating byproducts is obvious. According to the 
type of slag-forming ingredients they contain, in- 
coming ores are segregated into five classifications. 
Variations in composition of materials drawn from 
storage are minimized by provision of adequate bin 
capacity and by the practice of bedding the flow 
into storage. Incoming flow is diverted to its proper 
storage bin by a Robins motor-actuated wing trip- 
per. A selector switch is used to locate the tripper, 
and bedding of the discharge is effected by an oscil- 
lating tripper movement between limit switches. 

In an air-conditioned tunnel beneath the central 
proportioning hoppers, a composite charge is formed 
by controlled mechanical discharge of the 19 prod- 
ucts contained. One of these bins, utilized for very 
low feed rates, is screw discharged. All other bins 
employ 4x8-ft pan feeders, of which six are ratchet 
driven and 12 have a variable speed continuous 
drive. Feed rates are controlled by adjustments of 
both gate openings and pan speeds. Gobbing of the 
pan discharge onto the collection belt is minimized 
by use of a hinge-mounted solid flight screw, which 
contacts and cuts the face of the discharge ribbon. 

All proportioning hoppers discharge onto a 30-in. 
gathering conveyor that spills to a cross-belt for 
delivery to a Pennsylvania, size CF-7-38, reversible 
impactor driven at 800 rpm by a 200-hp motor. 
Overall flow rate is limited by the impactor capacity 
of about 200 tph. In view of this limitation, ores are 
proportioned on the basis of receipts, circulating 
byproducts in accordance with production rates, and 
fluxes and diluents on the basis of metallurgical re- 
quirements. Between 5 and 10 pct of estimated flux 
and diluent requirements is purposely withheld at 
this stage to facilitate control in subsequent charge 
correction operations. 

In passage through the impactor, ingredient lumps 
are broken and very effective blending is accom- 
plished. The blended flow is conveyed over a Mer- 
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Fig. 2—Preparation building at the Bunker Hill Co. charge 
preparation plant. 


rick Model E Weightometer and Rateograph, thence 
to a two-stage bucket-type sampler before being 
diverted to the bedding plant. 

Three operators and one clean-up man, working 
one shift per day, composite, blend, and correct the 
24-hr requirement of 1500 tons. The three opera- 
tors, all crane men, rotate between the crane, feeder 
floor, and conveyor stations. The use of small, sepa- 
rate, free-flowing proportioning hoppers originated 
in Port Pirie practice and was later adopted by the 
American Smelting & Refining Co. plant at Helena, 
Mont. It is very effective in obtaining low-cost posi- 
tive movement of sticky concentrate and slimy resi- 
due receipts. Materials compacted in storage are 
broken and fluffed during transfer from storage to 
the proportioning hoppers. These hoppers are shal- 
low enough to minimize further packing and the 
feeders are wide enough to discourage arching. 

Bedding Section: In addition to providing a de- 
sirable weatherized storage of blended charge, the 
bedding section is the key to positive metallurgical 
control. As outlined above, the composite flow is 
weighed and sampled before being bedded. On the 
basis of known weight and analysis, each bed is 
metallurgically corrected, before reclaiming, to 
target sintering and blast furnace requirements. 

The 64x192-ft bedding section floor area accom- 
modates four 925-ton bedding piles. As may be seen 
from Fig. 3, this area is divided longitudinally by 
a collection conveyor that operates sublevel in a 
central trench. Beds are laid around this trench, 
counter clockwise, by means of overhead trippers 
operating from belts that span each side of the 
building. The trippers are spotted by selector 
switches and oscillate over the bed length between 
limit switches. 

As was mentioned previously, the bedding and 
correction of 24-hr sinter plant requirements is 
completed in a single 8-hr shift. Normally, one bed 
is being laid while a second is delayed awaiting 
assay. A third bed is either ready for, or in the 
process of, metallurgical correction (accomplished 
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usually at the start or close of a shift, by the propor- 
tioning plant crew over the regular belt system), 
and the fourth bed is being reclaimed. 

Bedding piles are reclaimed at a rate of 175 to 200 
tph and the operation is practically automatic. The 
reclaimer is interlocked with a pressure switch that 
stops the unit when the pelletizer surge bin is full. 
As a safety measure, starting is manual. The re- 
claimer, of Stearns-Roger—Bunker Hill design, 
operates counter clockwise in an orbit about the 
collection trench from overhead rails. This unit con- 
sists of a mobile, triangular, multitoothed, recipro- 
cating harrow coupled to a drag conveyor. It eats 
into and excavates the beds at right angles to their 
formation. The reciprocating harrow, set at the 
angle of slope, continuously loosens material on the 
face which slides into the drag conveyor and is car- 
ried into the collection trench. Forward motion of 
the reclaimer is automatic and intermittent, being 
controlled through a switch actuated by a feeler 
located just above the drag. 

Reclaimed material is delivered by the collection 
conveyor to a surge hin at the head of the pellet- 
izing section. Pelletizing, and thus obviously re- 
claiming, is on a two-shift basis. One part-time man 
per shift is required. 


Pelletizing Section: In the pelletizing section the 
sinter charge is endowed with porosity. This de- 
sirable physical conditioning in preparation for 
sintering, though successfully employed in zinc 
operations, has long been neglected by lead metal- 
lurgists. As indicated by Fig. 4, the reclaimed, 
corrected charge is fed from a 100-ton surge bin by 
a 4x10-ft Jeffrey feeder into the pelletizing circuit. 
Pelletizing is usually accomplished (two-shift basis) 
with a two-man crew at the rate of 110 to 120 tph— 
the reclaimer operator aids in this operation. 

Feed flow is initially conditioned with water in a 
5x9-ft A.O.R. pugmill rotating at 6.5 rpm. Moisture 
addition is controlled manually from an observation 
point at the subsequent pelletizer drum discharge. 
Here a flowmeter is provided for re-establishing 
conditions after shutdowns. 
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Fig. 4—Pelletizing building at Bunker Hill Co. charge prep- 
aration plant. 


Flow from the pugmill is advanced to a 8x15-ft 
rotary pelletizer, which operates at 9 rpm and a 
slope of 4 in. over its 15-ft length. Build-up on the 
drum surface is limited to about 2 in. by a rotary 
cleaner consisting of a pipe shaft into which short 
steel cutting rods have been threaded. 

As might be suspected, the moisture content re- 
quired to initiate agglomeration varies with charge 
character. Charges containing higher proportions of 
fines accept more moisture and are less critical in 
control than more granular charges. Below a cer- 
tain moisture content, agglomeration is ineffective; 
too much moisture results in oversize nodules not 
acceptable for one-pass sintering. As seen from the 
following typical pellet sizing data, an attempt is 
made to limit the maximum pellet size to % in. 


SAMPLERSP CONV 


WEIGHT O METER 


FROM 
PREPARAT ION 
PLANT BUILDING 


Mesh Wt, Pct 
TO +4 9.1 
PELLETIZING +10 38.5 
BUILDING +20 31.7 
+35 12.5 
—35 8.2 


From the pelletizing drum, the charge drops 
through a chute into a 7x30-ft Stearns-Roger rotary 
dryer, which operates at 11.3 rpm on a slope of % 
in. per ft. No lifters are used other than six %4-in. 
angle bars welded to the shell. The purpose of the 
dryer is to surface-harden the pellets. Very little 
actual drying is sought, only 1 to 1.5 pct moisture 
being removed. 

The finished surface-set pellets leaving the dryer 
are conveyed via a partially hooded belt system to 
one of two sinter plant surge bins. 

A marked increase in smelting capacity attended 
the start of the new preparation plant operations 
and the charge uniformity and control provided has 
enabled consistent maintenance of all subsequent 
operations at their highest capacity levels. 


Reference 


1H. O. Hofman: Metallurgy of Lead, pp. 307-311. First edition, 
1918. 


Fig. 3—Bedding plant building at the Bunker Hill Co. charge 
preparation plant. 
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Preconcentration Primary Uranium 
Ores Flotation 


by Burt C. Mariacher 


XTRACTION of uranium from ores is being ac- 

complished by processes which, for the most part, 
subject the entire ore to acid or carbonate leaching. 
Ore deposits with a U;O; content below 0.10 pct U;Os 
are seldom considered suitable for treatment by 
leaching. 

A preliminary concentration that would enrich 
the uranium content of an ore by a simple, low cost 
process based on physical properties of the ore 
might result in some low grade deposits becoming 
commercial ores. In addition, the process might be 
employed in existing operations to reduce trans- 
portation and leaching costs and to increase capacity 
of existing leaching plants. 

A study to attempt the development of a pre- 
liminary concentration process for primary uranium 
ores was undertaken by the Colorado School of 
Mines Research Foundation under sponsorship of 
the U.S. Atomic Energy Commission. The objective 
of this work was to produce concentrates containing 
0.25 pct U;O; from the low grade ores tested. 

Ores Tested: The main effort was devoted to the 
low grade primary uranium ores from northwestern 
Saskatchewan. Samples were obtained from the 
Beaverlodge operation of the Eldorado Mining & 
Refining Ltd. Additional primary ores, obtained 
from deposits in Gilpin County, Colo., contained 
from 0.07 to 0.10 pet U;Os. 

Summary of Concentration Tests: The Beaver- 
lodge ore was tested to determine amenability of 
the ore to concentration by magnetic, electrostatic, 
gravity, and scrubbing processes. None of these pro- 
duced satisfactory results. Both gravity and mag- 
netic processes produced fairly good concentrates 
when closely sized fractions of the ore were treated, 
but on the basis of treating the total ore, recovery 
was poor. Preparation of sized fractions and the 
low capacity of equipment for suitable concentra- 
tion made these methods impractical. 

As flotation offered the advantage of treating the 
total ore without intermediate sizing, the main 
effort was in this direction. A flotation process was 
developed that fulfilled the concentration objectives 
as set by the AEC. Pilot plant testing was used to 
verify results obtained from laboratory batch test- 
ing. 

Mineralogy: A petrographic examination of the 
Beaverlodge ore included a study of polished sur- 
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faces and identification of the radioactive mineral 
by autoradiograph and X-ray diffraction. Approxi- 
mate quantitative mineral identification was as fol- 
lows: quartz, 60 pct; orthoclase feldspar, 20 pct; 
chlorite, 10 pct; carbonates, 5 pct; and miscellaneous 
minerals, 5 pet. Included in this last group were 
plagioclase feldspar, pyrite, mica, chalcopyrite, 
pyroxene, sericite, magnetite, galena, and uraninite. 

The most general occurrence of uraninite was in 
the form of crusts and thin coatings on limonite- 
stained grains of pyrite, quartz, and pyrite-quartz 
intergrowth. At least 90 pct of the uraninite was 
still attached to other minerals in a 100 by 200-mesh 
size fraction. The uraninite crusts were as small as 
10 to 20 » diam, and 5 to 10 u thick. 


The Flotation Process 


Petrographic examinations of the Beaverlodge ore 
had indicated the impracticability of attempting to 
concentrate the uranium by floating individual grains 
of uraninite. Liberation of the uraninite required 
grinding to sizes below those suitable for flotation. 
However, there was preferential association of the 
uraninite with some minerals while others were 
free of uraninite attachment. The approach to the 
development of a flotation process was, therefore, 
based upon an attempt to concentrate the uraninite 
by floating carrier minerals. The following para- 
graphs discuss the various stages of the process with 
regard to the factors tested and the conditions under 
which best results were obtained. 

Grinding: The most effective size range for fiota- 
tion was —150 mesh + 13 uw. The —13 » material in 
the final concentrate had a higher U,O, content than 
the total ore, but not as high as the average con- 
centrate; however, rejection of slimes before flota- 
tion was prohibitive because of the loss in uranium 
carried in the —13 yu» fraction. Grinding techniques 
which contributed to a minimum production of fines, 
such as stage grinding, were then employed. 

Quartz and Silicate Depression: These minerals 
represented approximately 80 pct of the ore and 
were free to a large degree of uraninite attachment. 
Significant improvement in the grade of the con- 
centrate was obtained by depression of these min- 
erals with hydrofluoric acid or sodium fluoride. 

Promoter: Selective stage flotation of uraninite 
carrier minerals was simplified by development of 
a single promoter mixture. The mixture consisted 
of an emulsion of a fatty acid, fuel oil, and a petro- 
leum sulfonate and was selected after a comprehen- 
sive series of tests. It contained three parts by weight 
of an oleic and linoleic acid such as Emersol 300, 
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three parts by weight of No. 2 fuel oil, and one part 
by weight of a petroleum sulfonate such as Oronite 
L. The mixture was emulsified in water at 20 to 25 
pet reagent strength. 

Rougher Flotation: The reagents and technique 
employed in the rougher flotation were primarily 
directed toward maximum recovery. The amount 
of promoter mixture required for acceptable re- 
covery varied with the type of ore and ranged from 
10 to 20 lb of active promoter mixture per ton of 
ore. Stage addition of the promoter improved re- 
covery. Sulfuric acid was used to maintain a pH 
of 6.0 during flotation. A lower pH resulted in im- 
proved concentrate grade, but was not suitable be- 
cause of a lower U,O; recovery. 

Concentrate Cleaning: The rougher concentrate 
was cleaned without additional reagents other than 
sulfuric acid for the regulation of pH. By variation 
in the pulp density and number of flotation cleaning 
steps, it was possible to select the grade of concen- 
trate desired between 0.22 and 0.28 pct U,O, with 
corresponding recoveries of 85 and 78 pct of the U,O.. 

Reagent Additives: The promoter mixture had 
strong collecting properties and tended to float the 
slimes en masse in a voluminous, tough froth. Some 
degree of success was obtained in modifying the 
froth properties by adding Ucon 75-H-1400, a syn- 
thetic lubricant, to the promoter emulsion in the 
amount of one part to ten parts of active promoter 
mixture. Although a sodium ligno-sulfonate type 
of dispersant such as Marasperse CB was found to 
improve the grade of the concentrate, it lowered 
recovery. 


Pilot Plant Operation 

A pilot plant test was conducted to evaluate the 
process under continuous operation. The plant was 
equipped for a feed rate of about 40 lb per hr. The 
grinding circuit consisted of a ball mill in closed 
circuit with a classifier. Rougher and cleaner flota- 
tion machines each consisted of a 6-cell unit of 
Denver Sub-A, No. 3 cells. 

The rougher concentrate was the combined float 
products from the six rougher cells operating in 
series. Stage addition of promoter was accomplished 
by a primary addition in a separate conditioner pre- 
ceding flotation and subsequent addition to inter- 
mediate cells in the series. 

Cleaner cells were operated with a counterflow 
of tailings and concentrate with progressive clean- 
ing of the float product. The cleaner tailing was 
returned to conditioning ahead of rougher flotation. 
Table I presents data typical of the metallurgical 
results obtained by the process in the pilot plant test 
treating the Beaverlodge ore. 

The close association between uraninite, limonite, 
and quartz presents a major problem in the flotation 
process. Presumably, further depression of quartz 
would result in a substantial loss in recovery of 
uraninite because of the limonite-quartz-uraninite 
intergrpgwths. Conversely, higher uraninite recovery 
could only be obtained by sacrifices in grade of con- 
centrate and ratio of concentration. 


* Table |. Pilot Plant Flotation Data 


U30s, Pet Ratio of 

Cleaner Rougher Recovery, Con- 
Heads Concentrate Tailing Pet centration 
0.096 0.219 0.023 85.0 2.7tol 
0.099 0.288 0.030 77.8 
0.103 0.225 0.026 6 2.6 tol 


Colorado Ores 

Only cursory petrographic studies were made of 
the Colorado ores. The Highlander ore was essen- 
tially pink microcline and quartz with pyrite coat- 
ing. Other minerals in significant quantity were 
orthoclase, muscovite, biotite, plagioclase, chlorite, 
and pyrite. The uranium mineral was too dissem- 
inated for detailed study but was assumed to be 
pitchblende. The Carroll ore was essentially an 
altered, kaolinized silicious vein material with pyrite 
crystals, sphalerite stringers, and occasional cleav- 
ages of galena. Other minerals in significant quan- 
tity were illite, quartz, microcline, orthoclase, 
plagioclase, muscovite, and apatite. Stringers of soft 
pitchblende, averaging about 30 » wide, were de- 
tected in a groundmass of quartzose material. 

The flotation process developed for the Beaver- 
lodge ore was employed for tests on these Colorado 
ores. They were not tested in the pilot plant, but 
batch tests produced more effective concentration 
than was obtained from the Beaverlodge ore. 

The U,O; content of the rougher concentrate was 
within the objective of the work. Significant im- 
provement in the grade of the concentrate was 
obtained in the cleaner flotation, but without pilot 
plant testing it was not possible to determine defi- 
nitely the effect of the recirculated cleaner tailing. 
An assumption that the cleaner concentrate and 
rougher tailing obtained in batch tests could be 
maintained in continuous operation was reasonable 
because of the experience with the Beaverlodge 
ore. 

Typical batch test results are given in Table II. 


Table II. Representative Batch Test Results 


Highlander Carroll 

Distri- Distri- 

U30s, bution, U30s, bution, 
Material Pet Pct Pct Pet 
Feed 0.096 100.0 0.078 100.0 
Rougher concentrate 0.274 81.3 0.219 15.3 
Rougher tailing 0.025 18.7 0.026 24.7 
Cleaner concentrate 0.570 56.8 0.338 61.5 
Cleaner tailing 0.124 24.5 0.085 13.8 

Conclusions 


The conclusions which can be drawn from this 
investigation are as follows: 

1) Preconcentration by flotation was effective in 
three out of four ores tested and its use should be 
considered in processing primary uranium ores. 

2) In the case of ores containing finely dissem- 
inated uraninite, significant concentration may still 
be obtained by employing flotation of carrier min- 
erals. 

3) Evaluation of the benefits from preconcentra- 
tion for an individual ore can be made by compara- 
tively simple pilot plant operation. 
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Flotation Secondary Uranium 


Minerals 


by John N. Butler and Robert J. Morris 


A series of organic collectors has been developed which successfully float 
synthetic secondary uranium minerals, such as autunite, carnotite, and torbernite. 
Recoveries up to 97 pct have been obtained. With cleaning of rougher concentrates, 
ratios of concentration as high as 15:1 are possible on head assays of 0.10 to 0.50 
pct U;Os. Additions of certain base metal salts aid in recovery and materially in- 
crease the rate of flotation and selectivity of the collectors for the synthetic min- 
erals. Flotation tests on natural uranium minerals have not yet equaled results ob- 
tained on the synthetics, although these collectors do give better results than con- 


ventional collectors for nonsulfide minerals. 


Re increase in mining and milling uranium 

ores during the past seven years and the dis- 
covery of large tonnages of uranium-bearing mate- 
rial too low in grade to stand the cost of leaching 
have developed considerable interest in possible 
methods for beneficiating these marginal ores. Such 
ores are generally classed as those containing less 
than 0.10 pct U,O;. Development of a beneficiation 
method that would give both high recovery and 
high ratio of concentration would also make pos- 
sible the beneficiation of higher grade ores and 
would provide higher grades of feed to existing 
leaching plants. 

Although considerable research and testing on 
physical or physico-chemical beneficiation of do- 
mestic uranium ores has been done in the past, to 
the best knowledge of the authors only a single 
application of physical beneficiation is now in 
operation on a commercial scale. Flotation has been 
attempted on the basis of mineral association rather 
than by direct concentration of the contained ura- 
nium minerals. Flotation studies conducted on this 
project on certain ores gave recoveries of 60 to 70 
pet of the uranium by the use of conventional flota- 
tion agents such as oleic acid, but ratios of concen- 
tration were in the order of 1.5:1 to 2.5:1. Subse- 
quent cleaning to upgrade the concentrates rapidly 
increased losses in the cleaner tailings, which were 
not later refloated in the rougher flotation. 

Selection of Collector: In selecting desirable or- 
ganic collectors for these oxide systems, a thorough 
study was made of the relationship between struc- 
tural characteristics and collector activity by an ex- 
amination of the behavior of a number of different 
functional arrangements present in a variety of or- 
ganic molecules, (see Fig. 1). It is generally accepted 
that a collector must have a relatively long-chain 
hydrocarbon radical and a chemically reactive elec- 
trophilic center. Such a requirement could be met 
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by a large number of compounds, but steric effects 
at the uranium mineral surface, solubility, compat- 
ability with aqueous systems, air avidity, bond 
strength at the mineral surface, interfacial concen- 
tration of the collector, and diffusion rate of the 
formed complex from the air-water interface elimi- 
nated many as unsuitable for this purpose. 

Preliminary investigations were completed of 
possible collector designs consisting of aliphatic and 
aromatic hydrocarbon radicals attached to stable 
combinations of nitrogen, oxygen, sulfur, and halo- 
gen electrophilic centers, Fig. 1.Tests were made to 
determine melting point spans, solubility of min- 
eral-collector combinations in various solvents, re- 
actions with soluble uranium salts, contact angles, 
and floatability by semi-quantitative beaker meth- 
ods.t Contact angle determinations were not too 
useful because of the fine particle sizes of available 
mineral samples. 

From the foregoing study it appeared that nitro- 
gen-sulfur electrophilic centers coupled with 
straight-chain saturated alkyl hydrocarbon radicals 
would hold the most promise for floating secondary 
uranium minerals. As the dithiocarbamate com- 
pounds can be made to combine these attributes 
they were selected for further study. 

The dithiocarbamates form a parallel structure 
to the xanthates, with the fortuitous exchange of 
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Fig. 1—Examples of structural types of functional groups examined. 
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a nitrogen center for the oxygen molecule. This 
provided the required nitrogen-sulfur center for 
this application. The carbamates have been known 
for a number of years, particularly in the rubber 
industry.’ The dialkyl dithiocarbamates are known 
to form colored complexes with metallic ions such 
as nickel, iron, and uranium. Uranium in both 
U“” and UO:* states forms colored complexes with 
these molecules. The dialkyl dithiocarbamates 
have been tried in a limited way as flotation re- 
agents for sulfide minerals, with relatively good re- 
sults.** 

As previously mentioned, preliminary flotation 
studies on the various dithiocarbamate systems for 
the recovery of oxide uranium minerals eliminated 
the less suitable dialkyl, aromatic, and heterocyclic 
analogs. Hence a complete study of the more prom- 
Ising straight chain mono-alkyl dithiocarbamate 
compounds was made. A study of these compounds 
containing 4 to 18 carbon atoms in the attached 
hydrocarbon radical revealed that the carbon chains 
between 8 and 12 carbon atoms long were the most 
useful in this flotation research. 

Preparation of Collectors: Care was exercised in 
preparing pure amines from the crude by frac- 
tionation of the organic compounds. It was then 
possible to prepare the dithiocarbamate series by 
gently refluxing the pure amine with carbon disul- 
fide and the proper base to prepare the desired 
crude salt. The pure salt product, usually the po- 
tassium or sodium salt, was then isolated by re- 
peated recrystallization from suitable solvents. The 
need for pure preparations became evident when it 
was found that on handling and storage the impure 
dithiocarbamates were unstable. 

Consideration of salt modifications of these com- 
pounds resulted in narrowing the choice of metal 
ions to the alkaline or alkaline earth members. A 
further restriction to be placed on the use of the 
dithiocarbamate salts, although it does not appear 
to limit the activity of the above electrophilic cen- 
ters, is that chelation between the dithiocarbamate 
grouping and the metal cation must be avoided. If 
such a chelation occurred, it would alter the solu- 
bility, the stability, and the chelating ability with 
the uranium mineral, and hence destroy most of the 
value of the salt complex as a collector. 


Use of Synthetic Minerals: To evaluate correctly 
the collecting properties of the dithiocarbamates for 
uranium or other minerals, it is desirable to elimi- 
nate the many variables encountered in flotation of 
natural ores. For this reason synthetic minerals 
were prepared and mixed with ground silica sand 
to give a synthetic ore. Relatively pure autunite 
and carnotite have been prepared in the laboratory 
and these in turn have been altered to torbernite 
and tyuyamunite, respectively. In the alterations 
it is probable that only surface changes occurred. 


Experimental Results: Flotation tests in the early 
stages of this work were made on synthetic autunite 
because even with mixtures containing from 0.1 to 
0.5 pct U,O;, the fluorescence of the autunite gave a 
convenient means of observing the progress of the 
flotation by lamping with an ultraviolet light. A 
standard test procedure was set up for single cycle 
batch tests as follows: 


Synthetic ore: 5 g —325 M autunite mixed with 495 g —100 M silica 
sand 


Grind: 15 min in Abbe mill, to give the following screen 
analysis: 
+150 M 7.7 pet 
+200 M 27.3 pct 


—200M 
Pulp density: 17 pct solids 
Conditioning: 5 min before each stage of flotation 
Flotation: three stages, 5 min, 5 min, and 10 min 


65.0 pct 


After establishing a successful technique for 
floating autunite under the ultraviolet light, many 
of the tests applied to this mineral were repeated 
on synthetic carnotite. Since the carnotite floats as 
readily as the autunite, similar conditions were 
adopted for flotation of the carnotite. 


pH and Collector Studies: Tests have been run on 
the dithiocarbamates to determine the effects of pH, 
carbon chain length, and salt modifications. Fig. 2 
shows effects on recovery and ratio of concentra- 
tion with pH changes from 3.0 to 10.8. In all tests 
three concentrates were floated, with staged addi- 
tions of potassium N-mono-n-decyldithiocarbamate 
as the collector and American Cyanamid Reagent 
B-70 as the frother. Ammonium N-mono-n-octyl- 
dithiocarbamate, although giving good results in 
early tests, proved too unstable and therefore less 
desirable for salt preparations than potassium. 
Amounts of collector and frother were 0.6 and 0.4 
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lb per tori, respectively, added to each stage. Fig. 2 
shows that there is very little difference in re- 
coveries for the pH range of 3.0 to 10.8; a slightly 
higher recovery was obtained at pH of 3.0 with a 
gradual decrease in recoveries as the pH was in- 
creased. Highest ratios of concentration were also 
obtained at a pH of 3.0, but these ratios were only 
slightly lower at pH of 6.0. From an overall con- 
sideration of recovery, ratio of concentration and 
froth conditions during floating, and uranium solu- 
bility, the best pH value for flotation with the di- 
thiocarbamates proved to be 6.0. These results are 
shown graphically in Fig. 2. 

Beaker flotation tests were used to investigate a 
number of salt modifications with carbon chain 
lengths up to 18 carbon atoms. From results of 
these tests the alkali metal ions proved to be the 
most satisfactory and the carbon chain length re- 
quired for the best results was from 8 to 12 carbon 
atoms. Succeeding flotation tests were therefore 
concentrated on these compounds. Comparisons of 
results show that the potassium N-mono-n-decyl- 
dithiocarbamate gave the highest consistent re- 
coveries when used as a collector at a pH of 6.0. 
The potassium salt with 12 carbon atoms in the 
hydrocarbon radical gave somewhat lower re- 
coveries. The ammonium N-mono-n-octyldithio- 
carbamate gave good recoveries, but as previously 
mentioned it was unstable and unless tests were 
run with the freshly synthesized compound, the re- 
sults were erratic. Also, as was to be expected, the 
ammonium salt proved even less stable when used 
for flotation in an acid pulp. 

Surface Alteration of Minerals Before Flotation: 
An important phase of this investigation has been 
a study of the possibility of altering the surfaces of 
the uranium minerals before adding the collector, 
in order to make them more amenable to flotation. 
The fact that autunite does undergo ion exchange 
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Fig. 3—Effect of base metal exchange on recovery of syn- 
thetic autunite. 
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with a number of metal ions has been known for 
many years.’ However, the conditions under which 
these exchanges were effected involved the use of 
concentrated solutions of the metal ions. For the 
purpose of this research it was necessary to learn 
more about the extent of ion exchange in relatively 
dilute solutions that would permit more economical 
usage of the metal ion in a flotation circuit. 

Exchange studies were therefore made using 0.01 
M solutions of the metal ions, and batch tests were 
run on autunite with solutions of copper, zinc, lead, 
and cadmium chloride, using small increment varia- 
tions in the pH of each series from approximately 
2 to 5. Polarograms were run on all solutions be- 
fore and after exchange with the autunite. Maxi- 
mum exchanges obtained for the calcium in the 
autunite were 10 pct with copper, 29 pct with zinc, 
45 pet with lead and 23 pct with cadmium. The 
small amounts of altered autunite (44 g) were later 
mixed with 500 g of silica sand, ground, and floated 
in the laboratory flotation cell, with ammonium 
N-mono-n-octyldithiocarbamate as the collector. 
Results of these tests showed that surface alteration 
with base metal ions before flotation produced con- 
siderably higher recoveries than when the unaltered 
mineral was floated. Recoveries of 96.7, 89.9, 81.0 
and 74.2 pct were made on autunite treated respec- 
tively with lead, cadmium, copper, and zinc, as 
compared to 63.8 pct recovery on unaltered autunite. 
Additions of the same base metal salts to standard 
flotation tests in which 5 g of autunite in 500 g of 
silica sand were used showed the same marked 
effect, although recoveries were not in the same 
order. Recoveries obtained by direct additions of 
base metal salts to the pulp gave 99.8, 99.7, 99.2 
and 98.9 pct, respectively, for additions of zinc, lead, 
copper, and cadmium, as compared to 95.6 pct re- 
covery of the uranium when no base metal had been 
added. Effects of surface alteration and base metal 
additions on autunite flotation are shown in Fig. 3. 

Base metal additions amounting to 3.0 lb per ton 
were made in the first tests run, but later tests 
showed that this could be reduced to 1.5 lb without 
materially lowering the recovery. A _ significant 
effect of adding the base metal salts is the increase 
in rate of flotation, although recoveries were also 
improved. Without the base metal salts, only 32 to 
40 pct of the values were recovered in the first con- 
centrate, while with the base metal salts the first 
concentrate accounted for 67 to 76 pct of the values. 
This is of great importance in plant flotation prac- 
tice, where values in circulating loads must be kept 
to a minimum; it also reduces the required number 
of flotation machines for a given tonnage. In the 
first studies made on the effects of base metal salts, 
chlorides were used exclusively, and lead chloride 
was selected as giving the best results. Later work 
showed that lead nitrate was equally effective, and 
hence it was used because of its greater solubility. 

Comparisons were made between the use of dithio- 
carbamates and oleic acid as collectors. Without the 
addition of base metals salts, recovery with oleic 
acid was much lower, with ratio of concentration 
approximately the same. With additions of lead 
nitrate before floating, the dithiocarbamates gave 
slightly higher recoveries than oleic acid, but ratios 
of concentration, with one exception, were consist- 
ently higher when dithiocarbamate was used. Also, 
when the pH was increased to a value of 8.0, oleic 
acid activated and floated most of the silica. Com- 
parative figures are given in Table I. 
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Frother Selection: In using organic collectors such 
as the dithiocarbamates, selection of a frother that 
is compatible with the collector is important, pri- 
marily because of the possibility of direct reaction 
between the collector and the frother. It is also de- 
sirable to have a frother possessing minimum col- 
lecting properties. In early tests, methyl isobutyl 
carbinol (American Cyanamid Co. frother B-70) 
had been used and appeared to give good results. 
To establish definitely the best frother for this pur- 
pose, beaker flotation tests were run on 15 different 
frothers, and these tests narrowed the desirable 
frothers to three: B-70, B-77, and Dowfroth. A 
series of flotation tests run with these three frothers, 
using two different dithiocarbamates, showed all 
three to be good frothers. However, the B-70 reagent 
was finally chosen as it gave somewhat better froth 
conditions and recovery. Differences in ratios of 
concentration were undoubtedly due to experimental 
variations. 

Effects of Various Gangues: While this phase of 
the work is not yet complete, preliminary inves- 
tigations show that calcite, limonite, and kaolin, 
when added singly to a pulp of silica sand and 
synthetic mineral (autunite or carnotite), lower the 
recoveries. The gangue minerals also appear to be 
activated by both the dithiocarbamates and the base 
metal salts, with consequent lower grade concen- 
trates. Nine to ten percent of lime (CaO) in the 
pulp lowers the recovery by only 1% to 2 pct, but 
the ratio of concentration is reduced from 9.7:1 to 
5.5:1, with 80 pct of the lime being floated. 

Nine percent by weight of limonite added to the 
pulp reduces the recovery of uranium by more than 


Table |. Comparisons Between Dithiocarbamates and Oleic Acid 
as Collectors 
Collector 
Dithiocarbamate Oleic Acid 
Ratio Ratio 
Base Uz30s Re- of Con- Uz0s Re- of Con- 
Mineral Metal covered, centra- covered, centra- 
Floated pH Salts Pet tion, Pct Pct tion, Pct 
Autunite 4.0 None 96.0 8.64 44.1 8.26 
Autunite 4.0 Pb(NOs)2 97.5 13.57 91.4 Behe 
Autunite 6.0 Pb(NOs) 2 96.9 10.94 95.2 1.44 
Autunite 8.0 Pb(NOs) 2 95.9 7.40 88.9 3.43 
Carnotite 4.0 Pb(NOs) 2 87.1 16.13 78.9 16.13 
Carnotite 6.0 Pb(NOs) 2 89.7 12.99 89.9 2.80 
Carnotite 8.0 Pb(NOsz) 2 88.8 8.33 90.7 1.02 
Table II. Five-Cycle Flotation Tests 
Distri- Ratio of 
Assays, bution, Concen- 
Product Wt, Pct Pct Pct tration 
Synthetic Autunite 
Feed 100.00 (0.618) 100.0 
Recleaner concentration 3.74 13.325 80.6 26.7 
Recleaner tailing 3.87 1.989 12.5 
Cleaner concentration 
(2 + 3)* (7.61) (7.561) 93.1 alspaal 
Cleaner tailing 2.24 1.338 4.8 
Rougher concentration 
(2 + 3 + 5) (9.85) (6.146) 97.9 10.2 
Scavenger concentration 2.83 0.203 0.9 
Scavenger tailing 87.32 0.008 1:2 
Synthetic Carnotite 
Feed 100.00 (0.448) 100.0 
Recleaner concentration 2.87 9.547 61.1 34.8 
Recleaner tailing 3.99 2.221 19.8 
Cleaner concentration 
(2 + 3) (6.86) (5.286) 80.9 14.4 
Cleaner tailing 4.96 0.928 10.2 
Rougher concentration 
(2 + 3 + 5) (11.82) (3.457) 91.1 8.4 
Scavenger concentration 3.98 0.640 sty 
Scavenger tailing 84.20 0.017 3.2 


* Weights and assays in parentheses are calculated values. 
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7 pct, with the ratio of concentration lowered about 
the same as with lime. In this case, however, only 
40 pct of the limonite floated. Kaolin additions of 
more than 5 pct of the weight of the pulp materially 
reduced the recovery of the synthetic minerals and, 
in addition, abstracted lead salts from the pulp. 

Cyclic Tests: A number of cyclic or locked tests 
were run on both synthetic autunite and carnotite, 
under the conditions established by the single batch 
tests. The optimum conditions for both these min- 
erals are: 


Grind As shown previously 
pH 6.0 +0.5 
Collector Potassium N-mono-n-decyldithocarbamate, 


0.6 lb per ton added to each of three 
stages of conditioning. 
Lead nitrate, 0.5 to 1.0 lb per ton, added 
to each of three stages of conditioning. 
Methyl isobutyl carbinol (B-70), 0.4 Ib 
per ton added to each stage. 


Conditioning agent 


Frother 


Typical results obtained in cyclic tests on autunite 
and carnotite are given in Table II. 


Conclusions 

The preliminary work on this study has shown 
that the normal aliphatic compounds consistently 
had better collector properties for the secondary 
uranium minerals than have the aromatic com- 
pounds. Also the mono-substituted normal aliphatic 
nitrogen loadings were more effective than the 
di-substituted nitrogen loadings on the dithiocar- 
bamate function. Satisfactory flotation recoveries 
were obtained with chain lengths from 8 to 12 
carbon atoms. 

Surface alteration of the uranium minerals with 
base metal salts, especially lead, before addition of 
the collector, was effective in producing higher re- 
coveries, better ratios of concentration, and more 
rapid flotation of the uranium minerals. Results of 
a number of flotation tests on synthetic minerals 
have shown recoveries of 90 pct or higher on feed 
assays ranging from 0.1 to 0.5 pct U;Os. Ratios of 
concentration up to 15:1 were possible. The effec- 
tiveness of the dithiocarbamates as collectors was 
not dependent upon close pH control, although the 
best working pH was between 6 and 8. 

Tests run on natural autunite and carnotite ores 
have not yet produced as good recoveries and ratios 
of concentration, probably because slime coatings on 
the mineral surfaces prevent effective bonding of 
the collector. 
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Mineralizing Solutions That Carry and 


Deposit Iron and Sulfur 


It is suggested that at high temperatures both sulfur and 
iron combine with oxygen. Iron may precipitate at the high 
temperatures as the oxides of iron, and sulfur also in combina- 
tion with oxygen as the low solubility sulfates of barium, stron- 
tium, calcium, and potassium (alunite). At lower temperature 
the precipitation results from change of sulfate sulfur to 
sulfide sulfur, and the iron precipitates as the sulfide. 


by B. S. Butler 


N understanding of mineralizing solutions and 

how they carry and deposit metals is of prime 
importance to students of ore deposits. Lindgren 
states: “The whole problem surely is very compli- 
cated. One difficulty is that we know so little about 
the stability field of ore minerals.’* Lindgren further 
states: 


It is believed that they [the solutions] were 
in small part oxidized to sulphates, for in- 
stance, but in large part they were composed 
of hydrogen sulphide, alkaline sulphides and 
various halogen compounds. Doubtless, how- 
ever, free carbon dioxide was _ present. 
Becker’s view of the double sulphides as im- 
portant constituents of the solutions probably 
holds good. 


In the fourth edition of Mineral Deposits’? Lind- 
gren had changed his views somewhat: 


From the work of Day, Allen, Shepard, and 
others, it would seem probable that many of 
the volcanic gases are acid when given off but 
are in unstable equilibrium, and could not 
have preserved this acid character after hav- 
ing been long in contact with the surrounding 
rocks, It is believed that they were in small 
part oxidized to sulphates, for instance, but in 
larger part they were composed of hydrogen 
sulphides, alkaline sulphide, and various halo- 
gen compounds. Doubtless, however, free car- 
bon dioxide was present.: Becker’s view of 
double alkaline sulphides as important con- 
stituents of the solution probably holds good. 


The writer wonders if progress would not result 
from an attack on the problem in steps, the steps to 
contribute to the attack on the whole. The initial 
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step would deal with the simpler bodies of supposed 
magmatic (hydrothermal) origin, that is, those com- 
posed essentially of silicates, oxides, sulfates, and 
sulfides. The following discussion attempts to de- 
velop one step of a method that was proposed on a 
more comprehensive scale in 1929 by the writer and 
W.S. Burbank.’ 

The accompanying partial table (Table I) of the 
electromotive series is from a table distributed by 
Merck & Co. Inc., manufacturing chemists, prepared 
in turn from Fundamental Chemistry. The electro- 
motive arrangement brings together elements that 
in hypogene ore deposits occur: 1) in oxygen com- 
bination only; 2) in combination with sulfur as well 
as with oxygen; and 3) as sulfides, arsenides etc., 
and as native metals, see Table II. 

The writer clearly recognizes that he is not quali- 
fied to discuss the formation of ore deposits as a 
chemical problem, but he feel that some of the re- 
lations that are met by the geologist can well be 
stated with the hope that the chemical explanation 
will be forthcoming. 

By consideration of a group including mainly the 
elements oxygen, hydrogen, sulfur and iron, com- 
plications are avoided, especially with elements of 
the lower electromotive group. The results can only 
contribute to the:solution of the problem, not to the 
completion of it. 

The pH and Eh of the solutions and also tempera- 
ture probably determine what minerals form. The 
mineral groups that contain elements high in the 
electromotive series are alumino-silicates, titanites, 
simple silicates, spinels, oxides, carbonates and sul- 
fates, in all of which the elements are combined 
with oxygen. These groups are also recognized as 
the general order of temperature at which the min- 
erals start to form, see Table II. At low tempera- 
ture are sulfides, arsenides, antimonides, sulfo-salts, 
and native metals, in all of which the elements are 
characteristically not combined with oxygen. The 
intermediate temperature group contains elements 
that form both oxygen compounds and sulfur com- 
pounds. 
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This intermediate group follows the increasing 
tendency of elements going up the electromotive 
scale to form oxygen compounds and the increasing 
tendency of elements going down the scale to form 
sulfur and allied compounds. A glance at Table II 
shows that the minerals that form early are in the 
acid portion of the pH range and that the sulfides 
and allied minerals are in the alkali portion of the 
pH range. So arranged, the minerals form a zone 
crossing the chart from high acidity and high tem- 
perature in the upper northwest corner to alkalinity 
and low temperature in the lower southeast corner. 

From the positions in the electropotential series, 
the general order in which the elements combine 
with oxygen is apparent. Two elements very com- 
mon in hypogene ore deposits, and closely associ- 
ated, are also close in the electromotive series, 
namely iron and sulfur. Ferric and ferrous-ferric 
(spinel, magnetite) oxides are abundant in the 
higher temperature deposits. Would sulfur also be 
expected in the oxidized state as SO. or SO, under 
conditions where iron is as FeO and Fe,O,? 

Until recently sulfates have not been so generally 
recognized as forming in the higher temperature 
group, but for some years there has been accumlat- 
ing evidence of abundant sulfates in primary de- 
posits. What evidence indicates that sulfates do form 
in that group? 


Evidence in Mineral Occurrences 
A Constituent in Igneous Rocks: Silicate-sulfate 
minerals as hauynite and noselite, of igneous rocks, 
contain the sulfate radical. 


Minerals in Ore Deposits: Barite (BaSO,), least 
soluble of the common sulfate minerals, is common 
and in numerous deposits is an abundant gangue 
mineral. In many deposits it begins to form earlier 
than accompanying sulfides. Scores of examples of 
barite as a hydrothermal mineral could be cited but 
only two references will be used, the Tintic district, 
Utah,” ° of Tertiary age and the Mountain Pass dis- 
trict of California of Pre-Cambrian age." 

Anhydrite-Gypsum: Anhydrite has not been as 
generally recognized as a primary gangue mineral 
in hypogene ore deposits as has barite. The writer 
cited numerous examples in 1919,° and would ap- 
preciate the reporting of other occurrences. Many 
other examples are now known, some of which are 
given here: the Antamok mine of the Benquet Con- 
solidated Mfg. Co., Philippines; the Sulitjelma dis- 
trict, Norway; the Potrerillos mine, Chile;” the 
Bully Hill district, California;” anhydrite with ‘“con- 
tact metamorphic” minerals; gypsum on the 2100 
level of the Utica mine, Mother Lode district, Cali- 
fornia;“ gypsum, celestite, and barite, Cripple Creek 
district, Colorado;” and gypsum at Antamok.”. Har- 
rison Schmidt’s article ‘“‘What Is Primary Sulphate’’”’ 
should also be cited. P. S. Haapala® describes the 
anhydrite complex of Morococha, Peru. There is dis- 
pute as to whether the origin is hydrothermal or 
sedimentary. Haapala regards the anhydrite as sedi- 
mentary. 

It is of interest to note the occurrence of gypsum 
in the Enterprize blanket of the Rico Colorado dis- 
trict described by Ransome,” who regards the larger 
bodies of gypsum as remnants of a sedimentary bed 
largely removed by solution. This removal resulted 
in the formation of a slump breccia which was min- 
eralized to form the ore deposit. 

Alunite: The occurrence of alunite (K,O-3Al0,- 
4SO,:6H.O), as well as other hydrothermal sulfates, 
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ELECTROMOTIVE SERIES 
REDUCTANT OXIDANT POTENTIAL 
Cs +3.02 
Li Lit +3.02 
K +2.92 
Ba — +2.90 
A Sr t+ +2.89 
Ca — Cat+ +2.87 
Na — =~_—Nat +2.71 
Mg Mg++ +2,34 
Be 
< Mn < +1.05 
” Zn “ +0.76 
Ga +0.52 
x S= $s +0.51 
Nie 2 +0.25 
> Sn +0.14 
Z Pb 40.13 
= H = H+ S 0.00 
a Sb  Sbttt us —0.10 
Z Bi Bite 2 -0.20 
Zz Ast5 z 
Fett Fe+t+ 
Spttt =0:75 
—0.80 
Ag Ag: —0.80 
Br- <—— Br, —1.06 
Cig Ci, = 1.36 
Au _ —1.68 
Bit+++ —1.70 
Table |. Partial table of elements in electromotive series. 


(After Merck & Co. Inc.) 


was summarized in 1919 by the writer.” Since that 
time much has been published on alunite and allied 
minerals in the hydrothermal alteration of rocks as- 
sociated with ore deposits. The results were sum- 
marized in a conference at the Colorado School of 
Mines recorded in the Quarterly of the Colorado 
School of Mines.” 

One feature brought out in these and earlier 
papers is the great extent of alteration of rocks to 
alunite and the group of clay minerals that form 
under conditions allied to these producing alunite. 
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It was also pointed out that this group of minerals 
characteristically formed earlier than the sulfide 
minerals other than some possible pyrite. The type 
of alteration is that caused by acid solutions, and the 
sulfate of the alunite indicates that sulfuric acid 
was important in this process. 

Special emphasis was given to the hydrothermal 
alteration of wall rocks associated with copper de- 
posits. It can now be stated that the sulfate mineral 
alunite is a very important hydrothermal mineral 
accompanying ore deposition and that in large part, 
at least, it preceded sulfide deposition. Many occur- 
rences of alunite could now be cited, but this is 
hardly necessary. 

Other hypogene sulfate minerals of limited oc- 
currence are Hinsdalite” (2PbO-3AI1,O,:2SO,-P.O;- 
6H.O) one of the few hypogene metal sulfates; 
Creedite™ and 
Thoumasite™ (3CaO-SiO,-SO,-CO,-15H,O). 

Occurrence in Fumaroles: Fumaroles have been 
studied by members of the Geophysical Laboratory- 
Carnegie Institution of Washington and by many 
others. Ziess and Allen have shown that in high- 
temperature fumaroles, in the Valley of Ten Thou- 
sand Smokes,” sulfur is as oxygen gas SO, or SO,, 
at lower temperature as hydrogen sulfide (H.S). 
Sulfur is apparently a less abundant element in that 
area than is chlorine, but its behavior may be taken 
as typical. According to Ziess:” 


Allen and Ziess found that hydrogen sul- 
phide and sulphur are most likely to be asso- 
ciated with the steam escaping from relatively 
low temperature vents (100°-200°). It is well 
known, for instance, that hydrogen sulphide, 
sulphur, and steam will react at elevated tem- 
perature in the following manner: 

+ 2H.0 SO, + 3H 
38S + SO, + HS 

These equations are likewise continually 
displaced from right to left as the fumarole 
gases progress from a region of high tempera- 
ture to one of low temperature. 


Ziess further states (Ref. 25, p. 10): 


We have seen, for instance, that fumarolic 
gases contain sulphur, either as hydrogen sul- 
phide or as free sulphur, both of which in an 
atmosphere of steam can readily be oxidized 
through the agency of chlorine. The reaction 
can go beyond the stage of oxidation 

Hes + + 2H.0 SO, + 
indicated in the equation for it is well known 
that sulphur trioxide (SO;) can be formed 
under these conditions, especially in the pres- 
ence of large contact surfaces such as pumice 
affords. 


From the occurrence of sulfate minerals in 1) 
igneous rocks, 2) ore deposits earlier than sulfate 
minerals, and 3) high-temperature fumaroles, and 
also from what can be inferred from the position of 
sulfur in the electromotive series, sulfates are to be 
expected and are found with the relatively high- 
temperature minerals, but not in great variety 
owing to the high solubility of most sulfates. Sulfur 
at low temperature in hydrothermal solutions is 
present as S or H.S, though sulfates may persist at 
low temperature. 
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Source of Oxygen 

At high temperature, in magmatic solutions, a 
source of oxygen is H.O, which at elevated tempera- 
ture is an oxidizing agent for sulfur and hydrogen 
sulfide. Is sulfur in the magma and in high-temper- 
ature hydrothermal solutions as SO, that can carry 
metals as sulfites or sulfates but do not precipitate 
metal sulfates because of the high solubility of the 
metal sulfates? 

From such solutions the metals deposit as oxides 
—magnetite, for example—probably with the re- 
duction of acidity. Magnetite deposits were formed 
in the high-temperature fumaroles of the Valley of 
Ten Thousand Smokes. As the temperature of the 
fumaroles lowered the oxides of sulfur, SO, and SO; 
changed to hydrogen sulfide. In the H.S solution the 
iron oxides already formed were not stable and dis- 
appeared, and the metals deposited at the lower 
temperature were sulfides. Hydrothermal solutions 
at high temperature deposit iron in oxygen com- 
bination, at lower temperature as sulfide. Is it rea- 
sonable to conclude, then, that 1) metals are carried 
at the high temperature as sulfites or sulfates and 
with decreased activity deposit as oxides and 2) that 
at lower temperature sulfate sulfur changes to sul- 
fide sulfur and iron then deposits as sulfides? 


Supergene Ore Processes 


It is instructive to compare the transportation of 
metals in supergene deposits with that in hypogene 
deposits. Supergene solution comes from the atmos- 
phere. In addition to water (H.O) there are, in solu- 
tion, in the water, nitrogen and oxygen of the at- 
mosphere. The free oxygen dissolved in the water is 
the active agent. Such solution acting on an oxide 
deposit has little effect. Hematite and magnetite are 
slightly affected under weathering. On the other 
hand, a sulfide deposit, as pyrite or chalcopyrite, is 
vigorously attacked. FeS, is oxidized to FeSO, and 
H.SO, and further to ferric sulfate Fe.(SO,); which 
speeds the oxidation process. CuFeS, oxidizes to 
FeSO, and CuSO, and the FeSO, may further be- 
come Fe,(SO,);. The metals in solution move as 
sulfates. Replacing unaltered sulfide the copper is 
deposited as sulfide by replacing iron, and ferric 
sulfate oxidizes sulfide and is reduced to ferrous sul- 
fate. Without going into further detail on the well 
known and much studied process of transfer of 
metals in supergene deposits, it may be said that to 
a large extent they move as sulfates from an oxidiz- 
ing environment to a reducing environment. With 
reduction of acidity, ferric sulfate precipitates ferric 
hydroxide and yields sulfuric acid. The oxygen es- 
sential to this process is atmospheric oxygen. The 
metal sulfides are converted to sulfates and travel as 
sulfates. The process does not differ fundamentally 
from the previously discussed hypogene process ex- 
cept that, in the hypogene process, the temperature 
is high and water (H.O) furnishes the oxygen to 
form sulfates. At lower temperature H.S develops as 
the precipitating agent for metal sulfides. In both 
processes the metals travel as sulfates and deposit as 
sulfides. 

It is noteworthy that metals low in the electro- 
motive series which do not form oxygen combina- 
tions in hypogene deposits do occur as oxygen min- 
erals in the near surface zone of supergene altera- 
tion. In both conditions ferric sulfate is stable only 


Table II. Elements arranged in order of their known or 
theoretical position in the potential series.*» ——————p 
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NATURALLY OCCURRING COMPOUNDS OF ELEMENTS 
IN HYPOGENE DEPOSITS 
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Vit (2) 
w@] | x = | 
X 
Niz 
Ge @ 
Bia 
I 
Os. 
Os (2) 


+0,2 


0 


HEMATITE 


PYRITE 
0.3 
-0.4 
6 7 8 9 


Fig. 1—Stability of hematite, siderite, and pyrite. (After 
Krumbein and Garrels.”) 


in acid solutions, and when solutions approach 
neutral or alkaline, ferric oxide may precipitate as 
hematite or magnetite from high-temperature solu- 
tions, and limonite, or hydrous ferric oxide, from 
low-temperature solutions. 

It may be noted that in the oxidation of sulfide 
bodies, the sulfur present as sulfide is largely car- 
ried away. Great bodies of sulfide have been oxi- 
dized, as at Bizbee, Ariz., with the sulfur removed 
from the vicinity, though the metals remain in part. 

Krumbein and Garrels” show that the formation 
of chemical sediments, and the ores that are chemi- 
cal sediments, are probably subject to control simi- 
lar to those controls that affect the hydrothermal 
ores and those that result from supergene alteration 
of hydrothermal ores. The waters from which such 
sedimentary deposits are precipitated may be re- 
garded as ore solutions. The field of stability of 
hematite, siderite, and pyrite are shown in the dia- 
gram, Fig. 1. The authors” state that the change in 
minerals is largely controlled by the change in pH 
and Eh of the solution. 

Harold L. James,” in describing the sedimentary 
iron formations of the Iron River district, Michigan, 
states, ‘The rocks are believed to be the products of 
an era of iron rich sedimentation in which the spe- 
cific iron minerals formed—sulphide, carbonate, or 
siliicate—depend upon the immediate depositional 
environment. Evidence is presented to show that the 
climate of the era, when linked with other factors, 
is entirely adequate to explain the formation of 
these iron-rich rocks.” An extensive reference lst 
accompanies the article. 

In the great sedimentary iron deposits the pyrite 
stage is not conspicuous and may not always be 
present, but the possibility of its being present seems 
definite. 

The order follows that in iron deposits of other 
geological origins, all seem subject to a common con- 
trol. It is simple and logical to conclude that oxygen 
controls the transfer of iron in the above mentioned 
environments and that the iron is in oxygen com- 
bination at high temperature or under oxidizing 
conditions at any temperature. Sulfur is also in 
oxygen combination at high temperature but changes 
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to sulfide at lower temperature—or under reducing 
conditions at any temperature—and iron then pre- 
cipitates as sulfide. 

It is obvious that this is not the only method in 
which metals are transported and precipitated to 
form ore deposits, but to the writer it seems to 
represent a method that is understandable and to a 
considerable extent observable. 

A treatment of the elements in the lower range of 
the electromotive series, including chlorine and 
flourine, is essential. Finally, the whole range must 
fall into a general system. 

If this presentation is regarded as over-simplified, 
it is deliberately so. The writer prepared this paper 
with the hope that it will lead to contributions in 
the form of discussion. In the regular course of pro- 
cedure the paper was referred to critics( identity 
unknown to the author). One of the critics made 
comments so keen and penetrating that the writer 
has added his general comments as discussion: 


The thesis that there is a tendency for the 
metals to precipitate more commonly in oxy- 
gen combination at high temperature fits the 
facts, but perhaps it should be emphasized 
that transport is presumed to be as free metal 
in acid solutions. Also, the sulphur presumably 
is carried as dissolved sulfur in oxygen com- 
bination. Reduction of sulfate sulfur to sulfide 
sulfur goes at a finite rate only above 200°C 
(admittedly by laboratory experiment only), 
but it should be pointed out that below 200° 
the difficulty of sulfate reduction exists. For 
example, it would probably be very difficult 
to account for the pyrite of the Wisconsin lead- 
zine deposits as a result of reduction of sul- 
fate to sulfide at 100-150°C, with resultant pre- 
cipitation of ores as sulfide. 


Another aspect of interest is the reducing 
agent necessary to change sulfate to sulfide. 
The reactions cited depend upon water, but 
again it is doubtful that reaction between sul- 
fate and water to produce sulfide could or 
would take place at temperatures of the order 
of magnitude of 200°C. In general the effects 
of low temperature ore fluids are to reduce the 
containing rocks—that is to say, the country 
rock is apparently not a sufficiently strong re- 
ducing agent to cause the sulfate-sulfide re- 
duction; instead it is reduced by the ore fluid. 


In summary, Dr. Butler’s general thesis that 
the metals are carried as soluble sulfates at 
high temperature and pressure, and are pre- 
cipitated as sulfides by a reduction of sulfate 
to sulfide with: decreasing temperature and 
pressure, is one of the major suggestions for 
a mechanism to account for the transport of 
metals in company with sulfur. His statement 
of the problem, and particularly his docu- 
mentation of the tendency to form minerals in 
higher states of oxidation under extreme con- 
ditions, is an important contribution. As he in- 
dicates, the reactions involved need to be 
worked out quantitatively. Data are badly 
needed on the changes of oxidation potential 
of the elements with ascending temperatures 
and pressure. The remarkable system of be- 
havior shown in Table II, when potentials at 
25°C and 1 atmosphere pressure are plotted 
against occurrence, is highly suggestive, and 
perhaps this paper may lead to the working 
out of the electromotive series under condi- 
tions more nearly resembling those of the 
formation of ores. 
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Acid and High Analysis Fertilizer Production 
From Western Phosphate Rock 


by Robert J. McNally 


HERE are three primary plant nutrients—nitro- 

gen, phosphorus, and potassium—expressed in 
any fertilizer compound as percent N, percent P:O,, 
and percent K.O, in that order. This article will be 
concerned with the first two. 

The chief source of P.O; is phosphate rock. As 
found in the western states phosphate rock is essen- 
tially tricalcium phosphate-calcium fluoride (fluor- 
patite). As such, it is quite water insoluble. 

The principal phosphate fertilizer used is single 
superphosphate, produced by reacting sulfuric acid 
with phosphate rock in the proper proportions. The 
mixture, which soon sets into a hard mass, is pri- 
marily diluted with calcium sulfate and contains 16 
to 22 pct available plant food expressed as P.O;. The 
hard mass is aged for several weeks, ground, and 
shipped in bulk or in 80-lb. bags.* Superphosphate 


* Several million tons of this material were produced during the 
1953-1954 fertilizer season. 


can be ammoniated to impart nitrogen value to the 
fertilizer. 

Numerous small plants in the southeast and east 
north central part of the country supply large con- 
suming local areas, where freight costs are a small 
part of the total cost of the fertilizer. Since the 
freight rate per ton of superphosphate is constant, 
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it is desirable to make high-strength. superphosphate 
for distant shipments. A grade called treble or triple 
superphosphate, containing 42 to 47 pct available 
P.O;, is being produced in increasing amounts. This 
contains the same phosphatic material as single 
superphosphate, that is, monocalcium phosphate, but 
is nearly free of the calcium sulfate diluent. 

Western Phosphates: Demand and consumption 
of high analysis phosphatic fertilizers has been 
growing steadily over the past five years. This is 
particularly true in the West and Midwest, where 
shipping distances are long. Until this year there 
have been insufficient phosphate fertilizers to meet 
demands, particularly in the Midwest, but supply 
has temporarily exceeded demand, since new pro- 
ducers have increased production rate. 

The two raw materials necessary for production 
of superphosphate—sulfuric acid and phosphate 
rock—are produced in the Intermountain area. 
Garfield Chemical & Mfg. Corp., a subsidiary of 
Kennecott Copper and American Smelting & Refin- 
ing Co., produces sulfuric acid from waste gases 
from smelting copper ores at Garfield, Utah. Phos- 
phate rock is mined by the San Francisco Chemical 
Co. at various locations in the Tri-State area (north- 
ern Utah, southeastern Idaho, and southwestern 
Wyoming) where reserves are thought to be the 
largest in the world. 

Raw material cost is the major item in producing 
superphosphates; transportation cost of phosphate 
rock is less than the transportation cost of sulfuric 
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acid. With power, water, and transportation facili- 
ties available at Garfield, it was logical to form a 
company to produce phosphatic fertilizers near the 
source of these raw materials, situating a new plant 
near Garfield where delivery of sulfuric acid could 
be made by pipeline. 


Formation of Western Phosphates Inc. 

Western Phosphates Inc. was formed in Septem- 
ber 1952, Stauffer Chemical Co. having 50 pet inter- 
est and the parent companies of Garfield Chemical 
& Mfg. Corp. each having 25 pct interest. Stauffer 
Chemical Co. was responsible for designing, build- 
ing, and operating the plants to produce phosphoric 
acid, triple superphosphate, and ammonium phos- 
phates and for selling this production. Construction 
was started at once and operation of the phosphoric 
acid plant began Jan. 13, 1954. Garfield Chemical 
built a new 250-tpd sulfuric acid plant and addi- 
tional gas cleaning facilities to furnish the necessary 
sulfuric acid for the phosphate plant. 


Disadvantages of Western Rock: The major dif- 
ference between western phosphate rock and Flor- 
ida rock is the P.O; strength and organic content. 
Strength of the Florida rock commonly used in 
making phosphatic fertilizers is 30 to 36 pct P.O.. 
The run-of-mine western acidulation grade rock 
and beneficiated concentrates is usually 31 to 32 pct 
P.O;. Alumina, iron, organic, and sodium, all objec- 
tionable impurities, are generally greater than in 
Florida rock. Mining costs, also, are higher in the 
West, particularly where underground mining is 
necessary. 


Products: In the Western Phosphate method of 
producing treble superphosphate, phosphate rock is 
first reacted with sulfuric acid to produce phos- 
phorie acid and calcium sulfate. The solid calcium 
sulfate is separated from the liquid phosphoric acid 
by filtration. The acid is produced at a strength of 
26 to 32 pct P.O;. Clear acid from the filter is con- 
centrated to 52 pct P.O; by evaporation and reacted 
with more phosphate rock to produce triple super- 
phosphate. The resulting mix solidifies almost im- 
mediately into a porous mass, which is broken up 
and made into pellets. As in single superphosphate 
production, the fertilizer is then aged for at least 30 
days to complete the reaction between phosphate 
rock and the phosphoric acid. During this aging 
period the free acid content of the triple decreases 
to less than 1 pct and the available P.O; increases. 
It is sold by Western Phosphates Inc. on a guaran- 
teed analysis of 46 pct available P.O;. To upgrade 
the strength of single superphosphate, some concen- 
trated 52 pet P.O; phosphoric is sold to single super- 
phosphate acidulators. Recently it has also been 
applied directly to the soil, particularly where an- 
hydrous ammonia is being directly applied. 

Plants need both nitrogen and phosphorus, but 
different plants require different relative amounts 
of each component, and during a growing season a 
single type of plant requires these components in 
different ratios. In complete inorganic fertilizers, 
the nitrogen is supplied principally by ammonium 
sulfate, ammonium nitrate, urea, or ammonium 
phosphates, these latter compounds supplying both 
ni‘rogen and phosphorus in a single compound. 

In previous years a great deal of the phosphatic 
fertilizer sold was in the form of single or triple 
superphosphate. Nitrogen was added in the form of 
one or more of the compounds mentioned. In the 
last few years the trend has been more and more 
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toward the ammonium phosphates, and pelletized 
fertilizers containing various ratios of nitrogen and 
phosphorus are being demanded by consumers and 
mixers in preference to single ingredient fertilizers. 
Some of the most popular grades are 16-20-0, 11-48- 
0, 13-39-0, and 27-14-0. 

Plant Size: A necessary starting material for both 
triple superphosphate and ammonium phosphates is 
phosphoric acid. The minimum economic size wet 
process phosphoric acid plant is one consuming 150 
tpd of phosphate rock. A more economic size, con- 
suming 300 to 350 tpd, will consume 238 to 278 tpd 
of 

Phosphate Rock Handling: At Western Phosphates 
Inc. the phosphate rock is received as dry concen- 
trates and crushed rock containing up to 6 pct mois- 
ture. The concentrates are fine, all —30 mesh and 
about 45 pct —100 mesh. The crushed rock is all 
through 34 in. For ease in year-round handling these 
rocks have been received separately and also as a 
50:50 mix. The crushed rock, received from April to 
October, is stockpiled outdoors in piles for blending, 
and concentrates are stockpiled in a covered storage 
building. At rated capacity 150,000 net tons will be 
consumed per year. The rock is received in closed 
and open hopper bottom railroad cars, discharged 
through a grate-covered track hopper, elevated, and 
transported by belt conveyors to the storages. Re- 
claim has been by Sauerman dragline from the in- 
side storage and bulldozers from outside storage. 

Phosphate rock is ground in two 72-in. Raymond 
mills, six rolls high, equipped with whizzers. Each 
mill has a gas-fired (or oil-fired) heater to furnish 
hot air for drying the rock in the mill when neces- 
sary. Phosphate rock for phosphoric acid produc- 
tion is ground to 50 to 60 pct —200 mesh, and for 
treble superphosphate manufacture 90 to 95 pct 
—200 mesh. 

Phosphoric Acid Producticn: In production of 
phosphoric acid at Garfield, phosphate rock is quick- 
mixed with wash acid from the filter and dropped 
into an agitated digest tank along with prediluted 
sulfuric acid. Reaction is rapid with the production 
of gypsum and phosphoric acid, and wash water 
return is regulated to produce 27 to 32 pct P.O; acid. 
There are many impurities in the phosphate rock 
which also react with the sulfuric and phosphoric 
acids: iron and aluminum compounds are dissolved 
to their solubility limits as phosphates; calcium car- 
bonate forms gypsum and carbon dioxide, consum- 
ing sulfuric acid without benefit; and fluorides and 
silica react to form fluosilicie acid. Some fluorine, 
driven off as silicon tetrafluoride, is scrubbed and 
collected by means of water jet condensers. The 
gypsum-phosphorie acid slurry overflows to two 
additional digesters in series for completing the re- 
action and growth of gypsum crystals. To control 
the temperature of the first digester, and also be- 
cause considerable heat is evolved in the reactions, 
prior to filtration the slurry must be cooled in a 
Carrier vacuum flash cooler. A high recirculation 
rate of 2500 gpm is maintained. The major portion 
of the slurry is returned to the first digester, not 
only for temperature control but also to furnish 
gypsum nuclei for further growth to prevent forma- 
tion of new small crystals. A portion of the slurry 
is removed from the discharge of the cooler and 
flows through two more digesters in series. Digester 
retention time calculated on a new feed basis should 
be 3 to 5 hr. From the last digester the slurry is 
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pumped to a filter for separating the phosphoric acid 
from the gypsum, which is washed three times on 
the filter, discharged at 70 pct solids, and sluiced to 
a settling pond. 

The final wash of the gypsum is with hot water. 
This third wash is recycled over the filter counter- 
current to the gypsum flow, forming progressively 
stronger washes. The first wash, at about 20 pet 
P.O;, is returned to the first digester. 

Prayon Filter: To separate gypsum from phos- 
phoric acid Western Phosphates Inc. uses a filter 
of Belgian make, the first Prayon filter to be used 
in this country, although several have been in serv- 
ice in Europe for many years. The Prayon filter is 
a horizontal disk vacuum filter divided into 24 in- 
dividual pie-shaped sections 71 in. long, 35 in. wide 
at the inner edge, 53 in. wide at the outer edge, and 
8 in. deep. Mounted on wheeled carriages that travel 
on circular tracks, the sections are individually tilted 
and turned upside down for cake discharge. While 
the filter is upside down, the saran cloth filter 
medium receives a water wash from a series of jets 
to prevent scale build-up in the pores and on the 
surface. Cloth life is two to four months. The filter 
does occupy considerable space for effective filter 
area, which is 425 sq ft. 

The largest made by Prayon, the filter is espe- 
cially adapted to this service.* Chief advantages are 


* Recently the Bird Machine Co. took over the rights for manu- 
facture and sale of these units in this country. 


complete cake removal, continuous cloth washing, 
drying of the cloth after washing, separation of 
washes, and effective counter-current washing with 
a minimum of water. Loss of soluble P.O; at West- 
ern is 1 to 2 pct. The filter operates at 18 to 20 in. 
of vacuum, supplied by Nash H-7 vacuum pumps. 

Acid Concentration: Concentration of the filter 
grade acid to 52 pct P.O; is accomplished in Carrier 
falling film vacuum evaporators. Here too, as in 
filtration, Western Phosphates Inc. has pioneered in 
using equipment in a new service in this country. 
The Carrier unit is a conventional vertical heat ex- 
changer consisting of a shell, tube sheets, tubes, inlet 
channel (at the top), and separation chamber. All 
wetted parts are of type 316 stainless steel. Liquid 
is pumped from a hot well tosthe inlet chamber, 
where it falls through a perforated distribution plate 
onto the top tube sheet. Here it is distributed and 
flows down the tubes in a falling film, along with 
released vapor, into the bottom vapor separator. 
The two tubes are 14 gage, 3 in. OD, and 20 ft long, 
each having 1840 sq ft of heat transfer surface. 
Periodically they are washed for about 8 hr to re- 
move scale. 

The concentrated acid returns to the hot well and 
is recycled. A portion is constantly pumped to 
storage, with fresh weak acid entering the agitated 
hot well, regulated by level control. Flow through 
the evaporator is 135 times the volume of the prod- 
uct made so that the increment concentration across 
the evaporator is low. This is important to minimize 
gypsum and fluosilicate scaling. 

Vacuum is furnished by vacuum water condensers 
and steam jets. Steam is produced in a 25,000-lb 
per hr gas-fired vertical steam boiler generating at 
150 psig and enters the shell at 5 psi. The evapora- 
tion operation is automatic and requires little 
attention. 

Operating Problems: Major operating problems 
are fluosilicate and gypsum scaling (particularly in 
the central valve of the filter and in pipelines) and 
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corrosion. Where phosphoric acid must be in con- 
tact with metal, alloy 20 and type 316 and 317 stain- 
less steel are used. Type 316 is a borderline metal 
in this service where there is much temperature. 

The highly variable nature of the phosphate rock 
makes digester control difficult. Bedding of the rock 
to minimize erratic variations has helped control 
this problem, and various types of packless pumps 
are used, depending on the service. 

Treble Superphosphate Production: The 52 pct 
P.O, phosphoric acid is heated and mixed at a con- 
trolled rate with phosphate rock weighed in contin- 
ually. Vigorously mixed in a specially designed 
mixer, this fluid is dropped into a revolving den, 
setting in about 45 sec. As the den revolves the 
fresh treble is excavated continuously. The crum- 
bled treble is belt fed to a continuous pelletizer, 
with a very small amount of water, to form pellets 
of 1/16-in. diam. From here the pellets are belt 
conveyed to storage, where they are aged for at least 
30 days. The loosely set piles are then excavated 
with front end loaders and returned to the manufac- 
turing building, where the product is dried in 8x60- 
ft rotary gas-fired dryers to 3 to 4 pct moisture. The 
pebbles are screened in Symons-type V-screens on 
7 mesh, the coarse fraction passing through a Penn- 
sylvania hammer mill and back over the screens. 
The treble is packed in 80-lb paper bags on two 
type-327PB St. Regis packers at 60 tons per hr and 
conveyed on Rapid Standard conveyors to truck 
loading or car loading stations. Some is shipped in 
bulk in box cars. 

Nearly all treble and high-strength mixes are 
being produced as pellets. Even some of the pro- 
ducers of single superphosphate are changing from 
ground pellets to pellets. Advantages are: ease in 
handling; less surface contact, which minimizes cak- 
ing; ease of application by the user; and slower so- 
lution rate in the ground. In the case of mixed fer- 
tilizers, a more homogeneous product results. 

Ammonium Phosphates: Ammonium phosphates 
are made by reacting various ratios of sulfuric and 
phosphoric acids with ammonia in stainless steel 
agitated tanks. A thick, syrupy magma is formed 
which is mixed with dry ammonium phosphate, 
building up a thin shell on each particle. The slight- 
ly damp pellets are returned to the dryer for re- 
moval of the introduced water. The dried material 
is screened, and the fines and ground oversize are 
returned to the mixer along with a large percentage 
of the material in the product range. A portion is 
removed to storage. Circulating load is controlled 
at 10 to 12 times the amount being taken off as prod- 
uct. High nitrogen fertilizers such as 27-14-0 require 
ammonium nitrate as one of the ingredients. 

General Considerations: Normally Western Phos- 
phates Inc. employs a crew of 85 hourly workers, 
of which 30 are maintenance employes. During the 
heavy shipping season up to 25 workers are added to 
the shipping crew. 

Power is purchased from Utah Power at 44,000 v. 
This is stepped down to 4160 v in a primary set of 
transformers and distributed to various operating 
centers in underground conduits, where it is trans- 
formed to the operating voltage of 440 v. Since the 
gypsum in the phosphoric acid digesters would settle 
out rapidly with a power failure, auxiliary standby 
power is available. This is provided by a 125-kva 
Delco diesel alternator unit and a 150-kw Elliott 
geared steam turbine generator, which automatic- 
ally comes on line in the event of power failure. 
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These two are sufficient to operate the boiler, light- 
ing load, and digester agitators. 

Future: The fertilizer industry in the West has 
been growing rapidly. Installed capacity for am- 
monia production has been increased substantially, 
with two new plants scheduled this year in the U. S. 
and one in Alberta, Canada. Phosphoric acid, pro- 
duced from phosphate rock and sulfuric acid, is also 
in far greater abundance than a few years ago. The 
fertilizer market for both nitrogen and P.O; is tem- 
porarily out of balance with production capacity. 

More food must be raised on less land for a grow- 
ing population. It must be done at a profit that re- 
quires higher yields. Crop response to nitrogen- 
containing feritilizers has long been recognized, and 
demonstrations that nitrogen and phosphorus sup- 
plement each other are increasing sales of fertilizers 
containing both these ingredients. Government 


agencies and agricultural colleges have shown the 
economy of pastureland fertilization for high hay 
crop yields and beef production, and heavy farm- 
ing of land in the Southeast has clearly proved that 
as new land is extensively farmed, naturally occur- 
ring fertilizer compounds are exhausted and more 
fertilizer must be applied. 

A nationwide trend of producing more and more 
complete fertilizers in pelletized form is likely to 
expand. A greater number of different mixtures to 
fit exact fertilizer needs will be produced in higher 
tonnages, and more and more of the fertilizer re- 
quirements will be supplied in high-strength mix- 
tures of nitrogen and phosphorus. 


Discussion of this paper (2 copies) sent to AIME before Dec. ou, 
1956, will appear in Mrinrvc ENGINEERING and in AIME Transactions, 
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The Domestic Graphite 


Supply Problem 


RAPHITE has been included in U. S. lists of 

strategic minerals since the problem of min- 
eral deficiencies was revealed during World War I. 
Since 1918 the domestic graphite industry has led a 
precarious existence, and there has been much un- 
certainty as to the amounts of usable graphite of 
various grades that would be available from do- 
mestie sources in time of emergency. In 1950-1951 
therefore, the writer, assisted by Paul L. Weis, 
undertook a review of domestic graphite sources 
for the U. S. Geological Survey.' The conclusions of 
this study are presented here, with a discussion of 
some technologic and _ politico-economic factors 
bearing upon the problem. 


Uses of Graphite: Natural graphite as marketed 
exhibits a wide range of properties, which deter- 
mine the uses to which it is put. The most es- 
sential uses are in the manufacture of crucibles and 
related refractory articles, in lubricants and pack- 
ing materials, and in the manufacture of batteries, 
foundry facings, pencils, and carbon brushes. Nu- 
merous specifications covering the mineral in its 
various applications must be met by producers and 
processors of graphite. The problem of supply is 
therefore not simply one of procuring a sufficient 
total tonnage, but the more difficult problem of pro- 
curing enough of each different grade to meet fore- 
seeable needs. 

The amount of graphite required by American 
industry is not large. Ordinarily only a few thou- 
sand tons of strategic grades are consumed an- 
nually, yet the elimination of this small tonnage 
would have serious effects in several industries. 


Strategic Graphite: Since World War I, 60 to 100 
pet of the country’s annual supply of graphite has 
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been furnished from imports. At present, natural 
amorphous graphite for use in pencils and batteries 
is produced largely from American-owned mines in 
Mexico. Graphite for foundry facings is obtained 
from a number of sources. Neither grade is a seri- 
ous problem. High purity graphite for carbon 
brushes and for pencil leads, however, is imported, 
largely from Ceylon, in the form of amorphous 
lump graphite. Most of the flake graphite used for 
crucibles and related refractory articles is likewise 
imported, largely from Madagascar, and much of 
the lubricant and packing grade graphite used by 
industry is obtained from the same source. The 
strategic grades of graphite are therefore amor- 
phous lump of the Ceylon type, crucible flake, and 
flake suitable for fubricants and packing. Ceylon 
lump and Madagascar flake have for many years 
been accepted as standard by domestic consumers 
of graphite, and various essential manufacturing 
processes are geared to the use of graphite from 
these sources. 

Ceylon graphite as marketed is classified into 
several grades based on particle size and purity. 
Processing methods are said to be simple, but the 
products marketed are carefully graded and are 
consistent in their characteristics, an important 
matter to the consumer. Nearly all the graphite 
produced in Ceylon is from veins. Resources are re- 
ported to be large, labor is cheap, production costs 
are low, and world competition is slight—factors 
accounting for the commercial success of the graph- 
ite mining industry in Ceylon. 

Madagascar is reported to have deposits of the 
Ceylon type, but its output consists almost entirely 
of flake. Madagascar graphite as received in the 
U. S. is further processed by importing organiza- 
tions, and a large number of grades are produced to 
meet industry requirements, especially those for 
crucible flake and for lubricant and packing grade 
flake. Madagascar crucible flake as marketed is 
noted for coarseness, uniformity, toughness, clean- 
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ness, and other properties considered desirable by 
consumers. The deposits of the island are said to be 
large and numerous and have been reported to 
average from 8 pct to more than 30 pet flake graph- 
ite. Mining methods are simple, labor is cheap 
when available, and production costs are low. Mad- 
agascar graphite therefore holds a strong competi- 
tive position in world trade. 

Domestic Graphite Resources: In the U. Sy 
graphite occurs in many areas, and certain deposits 
in Montana, Texas, New York, Michigan, Alabama, 
Rhode Island, and Pennsylvania have been mined 
at various times since the latter part of the 19th 
century. Production since 1939, however, has come 
largely from single mines in Texas, New York, and 
Rhode Island, and from three mines in Alabama, 
although a mine in Pennsylvania and another in 
Montana have been operated for short periods. 

Deposits near Dillon, Mont., are the only ones 
known in the U. S. as a possible source of Ceylon- 
type graphite. Reserves in these deposits are small, 
but additional reserves might be established by ex- 
ploration. The deposits are not known to have 
yielded high purity graphite suitable for carbon 
brushes, and although this grade might be obtained 
by appropriate milling, it is not certain that do- 
mestic requirements for carbon brush graphite 
could be met from this source, even for a short time. 

Flake graphite has been produced in substantial 
amounts from deposits in Burnet County, Texas; 
Clay, Coosa, and Chilton counties, Alabama; Ches- 
ter County, Pennsylvania; and Essex, Warren, Sara- 
toga, Washington, and St. Lawrence counties, New 
York. The products have been marketed at one time 
or another for almost every purpose for which 
graphite is used, but the chief use of domestic graph- 
ite since World War I has been for batteries and 
foundry facings. Attempts by domestic producers to 
enter the market for crucible flake have had little 
success, and most domestic producers have likewise 
had difficulty in competing in the market for lubri- 
cant and packing grade flake. One reason is that 
domestic operators ordinarily have not been able to 
meet the low price of Madagascar flake graphite 
delivered at New York. A second reason is a strong 
preference for Madagascar flake in the consuming 
industry. This preference exists partly because 
Madagascar has been a reliable source of uniform 
flake and partly because the best Madagascar flake 
is coarser and is generally considered to have more 
desirable physical properties than domestic flake. 
Uniformity of flake is important. There have been 
complaints that domestic flake graphites from some 
sources have varied in properties from shipment to 
shipment. A large share of domestic flake produced 
since 1939 has been aided by government subsidies. 

The deposits of flake graphite in Texas, Alabama, 
New York, Montana, and Pennsylvania have been 
discussed repeatedly in the literature,” and de- 
posits in these states have been investigated at va- 
rious times since 1939. F. C. Armstrong and R. P. 
Currier, Jahns, and: W. 5. 
White” also have contributed information on 
graphite deposits in these states. In Alabama the 
USBM did extensive trenching and sampling of de- 
posits during World War II, giving estimates of 
tonnage and graphite content of a number of de- 
posits." In Pennsylvania the Benjamin Franklin 
deposit was opened up and mined briefly under 
government auspices, and trenched, drilled, and sam- 
pled by the USBM in 1948." Experimental mining 
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and milling are reported to have been done during 
1953 and 1954 at the same deposit." Much informa- 
tion on domestic resources of flake graphite is 
therefore available. Since most flake graphite de- 
posits are relatively simple in structure, it is not 
difficult to estimate tonnages within the usual limits 
imposed by availability of exposures, drillholes, 
and excavations. Similarly, in the common types 
of deposits the average content of flake graphite 
can be determined within satisfactory limits. Most 
graphite deposits are as yet exposed or explored 
only to shallow depths. Present estimates are there- 
fore incomplete, but they indicate clearly that re- 
sources of rock containing 2 to 8 pct flake graphite 
in the deposits of Texas, Alabama, Pennsylvania, 
and New York are very large. In Alabama, for 
example, on the basis of work by the USBM, Pal- 
lister and Thoenen™ estimate that measured re- 
serves of weathered ore alone amount to 11,059,000 
tons containing about 60 lb of recoverable flake of 
all grades per ton, or about 332,000 tons of recover- 
able graphite. 

Such figures for overall size of domestic resources 
are impressive. Measured against the average an- 
nual American consumption of less than 10,000 tons 
of flake graphite per year, they suggest that do- 
mestic resources are more than ample for the coun- 
try’s needs and that the only obstacles to self-suffi- 
ciency are costs of production that are high relative 
to market prices for graphite. 

The principal question involved in appraising do- 
mestic flake resources, however, is how much of the 
graphite recoverable would meet industrial require- 
ments for the strategic grades of flake. As far as the 
writer has been able to determine, this question 
has not yet been fully answered for any sizable de- 
posit in the U. S., and until the answers for a num- 
ber of deposits are forthcoming, the adequacy of 
the country’s resources cannot be appraised. This 
does not mean that strategic grades of flake can- 
not be obtained from domestic deposits, but only 
that no one knows at present how many of these 
grades can be produced or in what amounts. 


Usability of Domestic Flake Graphite: The sub- 
stitution of domestic flake for Madagascar flake has 
been debated for many years, and tests of domestic 
graphite products for use in crucibles have been 
made from time to time." Investigations prior 
to World War II were partly in terms of technologic 
procedures now outmoded, and all were limited in 
scope. Apart from Coe’s study of burning rates, the 
only modern investigations thus far published are 
those cited by Sanford and Lamb” and the study by 
Heindl.” Data given by Sanford and Lamb cover 
commercial trials of clay-graphite crucibles manu- 
factured wholly or in part from flake from several 
mines in Alabama and one mine in Pennsylvania. 
Results of the trials were decidedly adverse to the 
domestic graphites. As Sanford and Lamb pointed 
out, however, the tests were not sufficiently com- 
prehensive to be conclusive. 

Heindl has reported results of comparative tests 
of flake graphite from Madagascar, from a ship- 
ment of Alabama graphite forming part of the gov- 
ernment stockpile, and from the Benjamin Franklin 
mine in Pennsylvania. From each lot of graphite, 
flake products were prepared by screening into 
various sizes and combining the size fractions in 
proportions specified by two crucible manufac- 
turers. Carbon-bonded and clay-graphite crucibles 
were then made by two manufacturers by standard 
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commercial procedures. The crucibles were sent to 
six different brass foundries for testing in normal 
use. Crucibles of both types made from domestic 
flake gave service equal to or even superior to that 
given by crucibles made from Madagascar flake. 

Heindl’s work is an important step toward estab- 
lishing the usability of certain domestic flake 
graphites for crucibles. If the results are to be ap- 
plied to appraisal of graphite from the two domestic 
mines represented, however, certain questions need 
answering. First, what proportion of total flake re- 
coverable from the Alabama deposit is represented 
by the stockpile lot from which the test flake was 
prepared? Second, what proportions of the stock- 
pile lot are represented by the test materials pre- 
pared? Similar questions arise for the graphite 
from the Benjamin Franklin mine, although a par- 
tial answer is given by the report (Ref. 14, p. 5) 
that 25 pct of the product of experimental mining 
and milling at the mine during 1953 and 1954 was 
+50-mesh flake, suitable for crucible flake. 

An attempt to apply test results to domestic re- 
sources as a group is further hampered by the fact 
that only a few domestic flake graphite deposits 
have been worked at all during the last 20 years. 
Graphite available for testing during this period has 
therefore come from only a small fraction of the 
total number of domestic mines. 

Much work therefore remains to be done before 
the potentialities of domestic deposits can be as- 
sessed. For any given deposit, a full investigation 
requires progressive adjustment of mill flowsheet 
combined with commercial testing of products and 
with research aimed at adapting current manu- 
facturing processes to the products. Adequate test- 
ing is costly relative to possible economic returns 
and is a difficult undertaking for operators of a 
small and marginal industry. 

In the crucible field, development of the carbon- 
bonded crucible and its increasing use in nonferrous 
metallurgy have introduced a new element into the 
graphite supply problem. This type of crucible re- 
quires, at most, no more than the amount of graph- 
ite necessary for the clay-graphite crucible, and the 
graphite used need not be so coarse. Furthermore, 
carbon-bonded crucibles were first manufactured 
commercially from flake graphite produced from an 
Alabama deposit, and Madagascar flake was used 
only when flake from this deposit became unavail- 
able. At the present time, carbon-bonded crucibles 
are manufactured largely from Madagascar flake, 
and manufacturing processes are mostly adjusted to 
its use. There is good reason to suppose that use of 
domestic flake could be resumed if necessary, but 
a period of trial and adjustment of manufacturing 
processes would be involved. 

Usability of domestic flake for lubricants and 
packing is likewise a problem. Importers of Mada- 
gascar graphite have been able to assure the con- 
sumer of a steady supply of graphite products 
meeting rigid specifications. The domestic producer 
is faced with a long uphill struggle to obtain a share 
of the market, and only one has thus far made sub- 
stantial progress. To be successful the producer 
must convince the consumers that he will continue 
to produce graphite over a period of years, and un- 
less he can persuade the consumer to change speci- 
fications, his products must meet specifications 
drawn up with reference to graphite from another 
source. He has another problem, and a serious one, 
in meeting competition on a cost basis. In addition, 
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it appears likely that no one graphite deposit is 
capable of supplying all types of lubricant and 
packing grade graphite. Importers have overcome 
this difficulty by drawing on graphites from vari- 
ous Madagascar mines and by blending them when 
necessary. The domestic operator mining a single 
deposit is unable to do this, and his market may 
be correspondingly restricted. Industry has been 
slow to accept domestic graphite for lubricant and 
packing purposes, but again, only a program com- 
bining progressive adjustment of mill flowsheets, 
testing in use, and research on manufacturing proc- 
esses can determine the full potentialities of do- 
mestic deposits as producers of lubricant and pack- 
ing grade flake. 


National Policy for Graphite 

General Statement: The considerations discussed 
above have a bearing on national policy for graph- 
ite. The cardinal objective of national mineral 
policy in times of emergency or international ten- 
sion is assurance that the minerals required by in- 
dustry will be forthcoming during the entire period 
of uncertainty. Solutions commonly adopted to- 
ward this end are well known: 1) measures to in- 
crease domestic production, 2) stockpiling, and 3) 
conservation in use. Along with these measures, 
steps may be taken to develop alternative sources in 
countries nearer at hand and less likely to be cut 
off from the U. S. than those that are the normal 
sources of supply. To some extent all these prac- 
tices can be applied to graphite. The foregoing dis- 
cussion indicates, however, that graphite presents 
special difficulties. 

Increase in Domestic Production: As domestic re- 
sources of flake graphite are both large and readily 
mineable, production from them could be increased 
rapidly to a very high level. Until it is known, how- 
ever, how much of the requisite grades of flake can 
be produced from domestic deposits, measures aimed 
only at stimulating domestic production are of 
doubtful value. Furthermore, figures showing in- 
creases of production may create a false impression 
of security. The first question to be answered for 
graphite concerns usability, and except as this be- 
comes known for individual deposits, it is not pos- 
sible to predict how much an increase of production 
will help solve the graphite supply problem. 

Increase of production without regard to usability 
can only damage the prospects of the domestic 
graphite industry in the long run, for however great 
its short-term attractiveness, this is tantamount to 
a guarantee of instability. A domestic graphite 
mining industry can become firmly established in 
this country only by improving its methods of mill- 
ing graphite, by adapting its products to industry 
needs, and by demonstrating its ability to supply 
these products on a continuing basis at competitive 
prices. 

Stockpiling: These considerations have entered 
into the question of stockpiling, for it is essential 
that material purchased for the stockpile shall be 
usable by industry when needed, and in 1950, when 
stockpiling specifications were being reviewed, con- 
trary opinions were held concerning the ultimate 
usefulness of certain source materials. One view 
was that all requisite grades of flake graphite could 
be produced from Madagscar flake, at a cost much 
below that of domestic graphite. According to this 
view Madagascar flake of the higher qualities could 
be purchased and stockpiled without further proc- 
essing. Various types of graphite needed by indus- 
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try could thus be reduced to their simplest and most 
flexible form, because from a very few types of 
flake any desired grade of flake could be made. 

Domestic products do not include much coarse 
flake; hence the policy outlined above would have 
excluded almost all domestic flake graphite from 
the stockpile. Domestic producers, on the contrary, 
maintained that commercial flake of numerous 
grades could be produced from domestic deposits. 
This view prevailed, and in 1950 separate specifica- 
tions were written for crucible flake and for five 
types of lubricant and packing grade flake. Subse- 
quent purchases of domestic graphite for stockpile 
were made under these specifications. 

Opinions differed, however, as to how much of 
the domestic flake then in stockpile was usable for 
crucibles, lubricants, and packing. The fundamental 
reason for this uncertainty, which still exists, is 
that quantitative tests covering the properties of 
natural graphite have not yet been developed suf- 
ficiently to permit laboratory evaluation of the com- 
mercial usability of a particular graphite. Progress 
toward this end has been made through recent in- 
vestigations by Mackles and others” and by Heindl 
and Mohler,” but the proof of usability of any given 
graphite still rests on successful use in history. 


Conservation: Graphite presumably could be con- 
served by eliminating unnecessary use of the stra- 
tegic grades and by devising substitutes. The writer 
is not competent to discuss this matter fully but is 
aware of several possibilities. Most conspicuous is 
the saving of coarse flake graphite that results when 
the carbon-bonded crucible is substituted for the 
traditional clay-graphite crucible. Related to con- 
servation is the problem of simplification. It seems 
likely that the number of specifications for graphite 
current in industry is unnecessarily large and that 
many specifications could be eliminated. This would 
simplify procurement in time of emergency. 


Possible Solutions of the Graphite Problem: The 
procedure indicated for dealing with the graphite 
problem in any emergency must depend to a large 
extent on whether a short emergency or a long one 
is envisioned. For a short emergency, the cheapest 
solution of the graphite supply problem is the accu- 
mulation of adequate stockpiles of Ceylon-type 
graphite and Madagascar flake graphite. This is also 
the only means of assuring supplies of all the types 
of graphite that industry has been accustomed to 
using. For this reason, any program to increase 
supplies of strategic grades quickly must include 
measures that will increase the flow of these grades 
from their sources abroad. 

As long as adequate supplies can be had from 
abroad, no further action is necessary for a brief 
emergency. For prolonged emergency, however, it 
is axiomatic that the best insurance against cutoff 
of supplies from abroad is a productive domestic 
mining industry. This is true for graphite no less 
than for other minerals. The question is, what 
action would be effective in establishing a domestic 
industry capable of supplying the strategic grades 
of graphite? 

Successful efforts by domestic operators to estab- 
lish their deposits as sources of strategic grades 
would obviously offer the most satisfactory solu- 
tion, and it is encouraging that one domestic opera- 
tor reports significant progress toward this end. 
The alternative, a government program, would in- 
volve strategic and other factors outside the scope 
of this article. The present study indicates, how- 
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ever, that an effective program would have to be 
based on a fuller knowledge of the potentialities of 
domestic graphite deposits. The following informa- 
tion would be pertinent: 

1) Usability of the various types of domestic 
graphite products currently available, as indicated 
by data covering past and present use and by sup- 
plementary commercial testing. 

2) Types of graphite products recoverable on a 
commercial scale from different domestic deposits, 
by appropriate adjustment of mining procedures 
and milling techniques. 

3) Possible uses of each of these products in 
terms of present inanufacturing processes, as deter- 
mined by commercial tests. 

4) Adjustments of manufacturing processes that 
would lead to the most effective use of domestic 
graphite. 

5) Means of increasing or achieving production, 
according to need, of those types of domestic graphite 
found to be usable. 

6) More geologic information for detailed esti- 
mates of tonnage and grade of domestic deposits 
found capable of producing strategic graphite. 

Any program aimed at obtaining comprehensive 
information on these points would involve large 
expenditures and would require years for comple- 
tion. As long as the present ample supplies from 
abroad are available, a program of the kind outlined 
above is hardly justifiable at public expense. How- 
ever, if the availability of graphite supplies beyond 
the period covered by stockpiles becomes doubtful, 
or if supplies from abroad become inadequate, ap- 
praisal of domestic graphite deposits in these re- 
spects may be a necessity. The time factor will then 
be important. Measures will have to be taken well 
in advance of needs, so that significant production 
rates can be attained during the life of stockpiles 
and so that substitution of domestic for imported 
graphite can be accomplished with a minimum of 
dislocation in the consuming industries. 
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Underclay Squeezes Coal Mines 


A preliminary report on the mechanism of squeezes in a 
“dry” mine without the action of additional moisture. 


by W. Arthur White 


NDERCLAY squeeze is the plastic flowing of 

underclay below coal pillars into mined-out 
entries and rooms. Squeezes may be caused either 
by wet mine conditions where the moisture is taken 
up by the clay—making it more plastic—or by the 
presence of certain clay minerals, such as mont- 
morillonite, which are plastic when there is enough 
natural moisture. Under either condition, sufficient 
stress will cause the underclay to flow. 

Squeezes may fill an entry or room within several 
hours, or it may be several months before move- 
ment stops. Squeeze areas commonly cover hun- 
dreds or thousands of square yards. 

The Coal Div. of the Illinois State Geological 
Survey has collected samples of underclays from 
various mines and from cores drilled by coal com- 
panies in the state. From these samples natural 
moisture content, particle size and particle size dis- 
tribution, and clay mineralogy are determined. Data 
from samples collected from the underclay below 
Herrin (No. 6) coal in the Lumaghi Coal Co. mine 
near Collinsville, Ill., are used in this report to 
clarify points in the discussion. Data from samples 
taken from other mines lead to the same conclu- 
sions. A generalized geological section for the area 
is given in Table I. 

The underclay below coal No. 6 ranges from a few 
inches to 3 or 4 ft thick. The upper 6 to 18 in. are 
noncalcareous; the lower part becomes more cal- 
careous with depth. Limestone nodules become 
larger with depth, almost grading into the lime- 
stone below. In areas where the clay is nearly ab- 
sent the limestone may thicken to take its place; 
thus they may complement each other in thickness. 

There are two types of squeeze areas in a mine. 
In one type up to 3 or 4 ft of underclay lie in what 
appears to be a depression in the limestone under- 
neath. This is suggested by a rim surrounding the 
squeeze area where the underclay is thin and the 
limestone lies within a few inches of the coal. In 
the second type the underclay of the squeeze area 
is surrounded by underclay of similar thicknesses 
which does not squeeze. 

Test Methods: Natural moisture content, particle 
size and particle size distribution, and clay min- 
eralogy were determined by the following methods: 

Natural moisture is the moisture content a clay 
contains in its natural environment, expressed in 
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Fig. 1—Cumulative curves showing variation of particle size 
distribution of sample A taken from squeeze area and sam- 
ples B and C taken from nonsqueeze areas. 


percentage of the weight of ovendried clay (110°C 
or 230°F). To obtain the natural moisture content, 
given in Table II, the clay samples were sealed in 
containers as soon as the samples were taken in the 
mines. 

Particle size and particle size distribution were 
determined by the pipette method,’ and the data 
were plotted as cumulative curves, Fig. 1, on semi- 
logarithmic paper. Particle size was plotted on the 
logarithmic scale and percentage on the arithmetic 
scale. The quartiles (diameters that correspond to 
frequencies of 25 and 75 pct) and medians (diam- 
eters that correspond to the frequency of 50 pet) of 
the samples were determined from these curves. 

The clay minerals were identified from the data 
obtained by differential thermal? and X-ray powder* 
techniques. The differential thermal analyses were 
made on the whole samples, whereas the X-ray 
analyses were made on fractions of less than 2u. 


Data and Discussion 

Moisture Content: After the sealed jars had stood 
for 24 hr, those that contained squeeze samples had 
perspired, so that droplets of water had accumulated 
on the insides of the jars. Table II shows the mois- 
ture in the clay after it had perspired for 24 hr. 
(This perspiring was not noted in samples from 
nonsqueeze areas.) After perspiration one of the 
squeeze samples still had a higher moisture content 
than the samples that did not squeeze. 


Clay Mineralogy: The thermal analysis, Figs. 2 
and 3, indicates that the clay minerals are chiefly 
micaceous in type; the low-temperature endothermal 
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peak between 0° and 200°C suggests that montmoril- 
lonite is present. Pyrite, organic matter, and in 
some samples carbonate are indicated. 


Table |. Generalized Section in Area of the Lumaghi Coal Mine 


Strata 


In Feet 
Pleistocene undifferentiated 55 
Pennsylvanian 
Limestone 
Shale 
Siltstone 18+ 
Shale 70+ 
Limestone 6+ 
Shale 10+ 
Limestone 44 
Sandstone 
Shale 
Limestone 32 
Black shale 
Coal No. 6 Hf 
Underclay 
Clay and shale with nodular limestone 
concretion and benches of limestone 22 


Seven of the squeeze samples and two samples 
each from the nonsqueeze pits were submitted to 
W. F. Bradley of the X-ray Div. to obtain confirma- 
tion of the clay minerals and approximate percent- 
ages, Table III. The data indicate that montmoril- 
lonite is the dominant clay mineral in the clay frac- 
tion of the squeeze clay and that it is less abundant 
in nonsqueeze samples. The clay in sample C, al- 
though listed as montmorillonite and illite, is actu- 
ally a mixed-lattice type of clay mineral which is a 
hybrid of the two, see Fig. 4. 

Particle Size Analysis: Particle size was deter- 
mined because samples studied in this laboratory 
have suggested that if the percentage of clay were 
greater than 45 pct of all materials in the sample, 
the clay might be unstable regardless of the clay 
mineral present. 


Discussion: Clays, shales, and soils are composed 
of clay minerals and nonclay minerals in variable 
proportions. The most abundant nonclay minerals 
are quartz, pyrite, and mica. Quartz and pyrite are 
more or less equidimensional. The clay minerals 
(kaolinite, illite, chlorite, and montmorillonite), on 
the other hand, are similar to the micas in that they 
may be much larger in two dimensions than in the 
third. Kaolinite usually has a smaller ratio between 
the three dimensions than the other three clay min- 
erals. [lite and chlorite are intermediate and mont- 
morillonite has the greatest ratio between thickness 
and the other two dimensions. The plate or leaf 
shape is responsible for the plastic properties of 
clays. 


Table Ill. Percent of Clay Minerals in the Clay Fraction of the 
Underclay Sample 


Location 
(Inches 
Below 
Top of 
Underclay) Illite Kaolinite Montmerillonite Other 
Sample A 
Oto 9 10 10 70 10 
9 to 15 10 10 70 10 
21 to 27 10 10 70 10 
27 to 33 20 10 50 20 
33 to 39 30 10 50 10 
39 to 45 10 10 70 10 
45 to 51 20 10 50 20 
Sample B* 
Oto 6 20 10 50 20 
18 to 24 30 10 40 20 
Sample C* 
6 to 12 40 trace 40 20 
18 to 24 50 trace 40 10 


* Samples taken for X-ray analysis were those that would prob- 
ably contain the most montmorillonite as indicated by differential 
thermal curves. 


Table II. Natural Moisture Content of Clay 


From Squeeze Area From Nonsqueeze Area 


Sample C 


Sample A Sample B 

Inches Inches Inches 

Below Below Below 

Top of Top of Top of 

Under- Moisture, Under- Moisture, Under- Moisture, 

clay Pet clay ct clay Pet 

Oto 9 7.93 Oto 6 11.33 Oto 6 10.60 
9to15 10.73 6 to 12 8.64 6 to 12 11.01 
15 to 21 12.44 12 to 18 9.36 12 to 18 11.54 
21 to 27 10.60 18 to 24 9.73 18 to 24 9.55 
27 to 33 8.07 24 to 30 9.83 24 to 30 5.99 
33 to 39 8.55 30 to 36 9.38 
39 to 45 8.49 
45 to 51 TAT 


51 to 55% 7.69 


None of the samples studied had as high as 40 pct 
clay size (24 and less) but as indicated in Tables IV 
and V, the particle size of the samples taken from 
the squeeze area is generally smaller than those 
taken from nonsqueeze areas. The clay fraction 
ranges from 20.4 to 35.1 pct clay for the squeeze 
area; in the nonsqueeze areas, see Table IV, the 
range is from 17.6 to 28.4 pct. Table V shows that 
the 25 pct quartile is in the clay size, but only one 
sample from a nonsqueeze area had more than 25 
pet clay. If the underclay had had the clay minerals 
illite and kaolinite, or a mixture of the two, clay 
with these percentages would probably have been 
stable. Grim‘ has shown that montmorillonite pro- 
duces a sensitive clay even where it is present in 
minute percentages (10 pct’). 
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Since montmorillonite is very thin in relation to 
the other two dimensions, it has considerably more 
surface along which slippage can take place than do 
the other clay minerals and thus is more plastic. 
Water that enters between these layers spreads 
them apart, sometimes one or more times the thick- 
ness of the clay mineral. As the layers of water 
increase between the clay particles, the clay swells 
and becomes more easily deformed. Grim and 
Cuthbert’ have indicated that at atmospheric pres- 
sures calcium montmorillonite takes up a maximum 
of about four layers of water between the plates, 
which are solid, and that the fifth layer has some 
liquid properties. Hendricks et al.* suggest that the 
solid water on the surface of the montmorillonite 
has a hexagonal arrangement similar to that of ice. 


Samples A have a large percentage of montmoril- 
lonite in the clay fraction (Table HI). In Table VI 
the middle column gives the number of layers of 
water that would be held if all the water were 
between the montmorillonite plates, and the last 
column gives the number of water layers present if 
all the clay is treated as montmorillonite. Neither of 
these columns gives the correct amount of water 
contained between the layers; it probably lies some- 
where between. If it is assumed that all the water is 
between the montmorillonite layers, the clay would 
have more than four layers of water, each being one 
molecule thick. In sample A 9 to 15, only one layer 
in ten would have five layers of water, whereas 
sample A 33 to 39 would have eight in every alter- 
nate layer and nine in the intermediate layers. The 
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Fig. 2—Differential thermal analysis curyes of samples taken 
from squeeze areas. 


range is probably between four and six molecular 
layers of water. 

The situation that leads to squeezing can best be 
visualized by an analogy with ice. Just as ice de- 
forms and flows plastically under pressure, as in 
glaciers, the second and third layers of water be- 
tween the montmorillonite sheets may also deform 
and flow under rock pressures. This is thought prob- 
able because these water layers have the structure 
of ice.’ 

To arrive at an estimate of the pressure exerted 
by the overlying sediments, the average densities 
of the rocks were estimated using Tables II through 
VI in the Handbook of Physical Constants.. The 
underclay was under a pressure of approximately 
200 psi before the coal was removed; after 50 pct 
of the coal was removed, the pressure on the pillars 


1026—MINING ENGINEERING, OCTOBER 1956 


was increased to approximately 400 psi, which would 
be equivalent to about 1000 ft of ice. To return to 
the glacier analogy, this is about four times more 
pressure’ than is needed to cause ice on a level plain 
to flow plastically under load. It would probably 
take more pressure to cause a glacier to move up- 
hill; therefore, if the glacier is 250 ft thick in the 
center and only 3 or 4 ft thick at the edges, it would 


Table IV. Percent of Clay, Silt, and Sand in Samples 


Location 


(Inches 

Below 

Top of Clay Silt Sand 
Underclay) <2u 2 to 50u >50u 
Sample A 

Oto 9 22.2 66.9 10.9 

9 to 15 66.0 1.9 
15 to 21 31.7 G71 1.2 
21 to:27 62.2 
27 to 33 25.5 64.7 9.8 
33 to 39 20.4 2.6 17.0 
39 to 45 27.7 71.3 1.0 
45 to 51 22.2 70.7 aoe 
51 to 554% 68.9 7.8 
Sample B 

Oto! 6 1.2 74.8 4.0 

6 to 12 17.6 68.5 13.9 
12 to 18 21.3 68.6 10.1 
18 to 24 20.6 66.0 13.4 
24 to 30 22.6 12.5 4.9 
30 to 36 18.8 75.7 5.5 
Sample C 

Oto 6 5 70.8 4.7 

6 te 12 23.0 75.4 1.6 
12 to 18 24.3 74.3 1.4 
18 to 24 28.4 54.7 16.9 
24 to 30% 18.1 64.7 17.2 


remain stationary. There is probably a point where 
added weight would cause the ice to flow out at the 
center, causing the thinner ice near the edges to 
crack and rise at the edges. This analogy could be 
applied to the underclay. The present writer’s hypo- 
thesis as to the mechanism by which the underclay 
is squeezed from under the pillars is discussed 
below. 

As the load was taken off the underclay between 
the pillars, the clay rebounded somewhat, causing 
the joints to open slightly. As the clay began to 
flow plastically (similar to creep as defined by civil 
engineers) from beneath the pillars it penetrated 
the joints in the clay, spreading them apart. As it 
continued to flow it shoved one block between other 
blocks to make room for the clay that was flowing 
out. As the flowing clay reached the point where 
pressure was released, the water between the clay 
particles again behaved as solid water. The moving 
blocks were then shoved between still other blocks, 
as evidenced by striations along their entire lengths. 
(The deep striae were caused by the limestone 
nodules which are in the surface of other blocks 
that were being bypassed or that passed over or 
under it during the movement.) 

The rate at which squeeze takes place probably is 
a function of the degree of difference between the 
amount of pressure required to cause the underclay 
to fracture and rise and the pressure exerted by the 
overlying rocks. The pressure necessary to cause 
movement will depend to some extent ou the amount 
of clay present, the kind of clay mineral, and the 
number of molecular layers of water between the 
clay particles. 

Samples B and C would probably be unstable if 
more load were applied, but they would tend to be 
more stable than sample A because they contain less 
montmorillonite, less clay in the underclay, and 
more material coarser than clay. 
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Fig. 3—Differential thermal analysis curyes of samples taken 
from nonsqueeze areas. 


The clay in sample C is probably more stable than 
that in sample B because the crystals of the mixed- 
lattice type of mineral are thicker and the clay is 
less plastic. The thicker crystals would have a tend- 
ency to produce more wedging or interlocking of 
grains than the thin montmorillonite crystals. 
Evaluation of Clay for Control of Underclay Squeezes 

To control underclay squeezes, it may be first 
necessary to identify the clay minerals which are 
most likely to become unstable when subjected to 
loads that are considerably greater than their con- 
solidation load. (In the Lumgahi mine they are 
double the consolidation load.) Present evidence 
indicates that underclays high in montmorillonite 
are most likely to be unstable. 

Methods of Detecting Montmorillonite: The pres- 
ence of montmorillonite can be determined by sev- 
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eral methods. The most positive is X-ray, especially 
when small percentages are involved. Less reliable 
methods are differential thermal analysis, micro- 
scopic examination, and staining techniques. The 
staining method would probably be the most satis- 
factory for the coal industry because results can be 
obtained within a few minutes and the cost is low. 


Table V. Quartiles and Median of Samples, Diameter in Microns 


Location 
(Inches Below 
Top of 
Underclay) 25 Pct 50 Pet 75 Pet 
Sample A 
Oto 9 2.40u 7.95 22.4u 
9 to 15 1.27 5.65 9.25 
to 2d 1.47 3.95 9.10 
21 to 27 0.99 4.40 9.90 
27 to 33 2.00 6.10 12.50 
33 to 39 2.45 5.95 13.20 
39 to 45 Las 4.90 11.00 
45 to 51 2.30 5.95 13.50 
51 to 55% 2.25 6.07 13.20 
Sample B 
Oto 6 2.50 6.65 13.40 
6 to 12 3.30 8.15 18.70 
12 to 18 2.60 6.65 13.40 
18 to 24 2.50 7.05 15.80 
24 to 30 2.35 6.17 12.50 
30 to 36 3.09 6.20 13.00 
Sample C 
Oto 6 2.03 5.20 11.70 
6 to 12 2.20 5.80 12.20 
12 to 18 2.05 5.87 12.50 
18 to 24 1.45 8.26 16.20 
24 to 30% 2.70 0 18.50 


Several stains could be used, but some will give 
colors for clay minerals other than montmorillonites. 
These stains can either be sprayed on a section of 
the core or dropped on some of the ground material 
with a medicine dropper. Mielenz, King, and 
Schieltz® indicate that benzidine stains only the 
montmorillonite clay minerals. Benzidine when 
added to montmorillonite gives a purple-blue color 
when first applied, but as the clay dries the color 
fades. 


Table VI. Number of Water Layers That Could Occur Between 
Montmorillonite Plates or Sheets 


Location 
(Inches Below Top 
of Underclay) 


Maximum Number* Minimum Number} 


Sample A 

Oto 9 3.6 

9 to 15 4.1 Sal 
15 to:21** 5.7 4.0 
21 to 27 4.3 3.0 
27 to 33 6.3 3.2 
33 to 39 8.4 4.2 
39 to 45 4.4 ayl 
45 to 51 6.5 3.2 


* Assumes that all water is between the montmorillonite layers. 

+ Assumes that all clay is montmorillonite. 

** It was assumed that this sample had as much montmorillonite 
as the sample above and the sample below. 


Grim” states that the staining tests have been 
used successfully in areas where there were no 
other constituents that might cause or inhibit color 
reactions. One coal company in Illinois is using the 
benzidine staining test successfully at present. It 
must be pointed out that before the test is used in 
an area and the results considered reliable, the clay 
mineralogy of the underclay should be verified by 
some other means, preferably by X-ray analysis. 

Control of Squeezes: No simple way is known to 
treat clays of this kind chemically in order to 
stabilize them, but the British” have reported some 
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ILLITE MONTMORILLONITE 
H20 4 H20 = HzO 
4 CRYSTAL 
KK 
KK = KK { CRYSTAL 
KK = 


H30 


Fig. 4—The difference between a crystal of illite, crystals of 
montmorillonite, and crystals of a mixed clay mineral related 
to both illite and montmorillonite. (Crystal as used here re- 
fers to a repetition of motifs in all directions which are not 
changed in the presence of water.) Widths in relation to 
thickness have been shortened considerably. Line A _ of 
mixed-lattice clay mineral shows portion of crystals that have 
properties similar to montmorillonite. K — potassium and 
= water. 


success in using floor bolts to prevent underclay 
squeezes, 

Other Possible Values of Underclay Studies: As 
more data accumulate, it may be possible to give a 
mining engineer information on particle size dis- 
tribution, natural moisture content, and the kinds 
of clay minerals present in an underclay. He could 
then consider the sizes of the rooms, entries, and 
pillars the clay could stand without squeezing if the 
roof and coal pillars were also able to take the load 
and strain. This might allow more coal to be taken 
from some mines without hazard and eliminate 
squeeze troubles in others. 


Conclusions 
Squeezes take place in areas where the forces 
exerted by the overburden are greater than the 
shear resistance of the underclay. 


Squeezes in dry mines probably take place in 
areas where the montmorillonite is most abundant 
and where there is a larger percentage of clay min- 
erals in relation to the sand and silt. 

The rate of squeeze is probably related to the 
amount of montmorillonite, load, and moisture In 
the clay. 

At the present time there is no simple way to 
determine definitely where a squeeze will occur, but 
as data are accumulated it may be possible to give 
such information from a mineralogical analysis, a 
natural moisture determination, and a particle size 
distribution analysis of underclay cores before min- 
ing has started. 

For dry mines that are operating, samples of 
underclays may be taken periodically at the face 
and analyzed for montmorillonite content. The 
analyses may show where mining is approaching an 
area that is likely to squeeze. 

Squeezes might be controlled by floor bolting. 
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High Velocity Impact in Comminution 


by R. J. Charles 


REVIOUS study’ of simple impact systems indi- 

cated that energy required for fracture and size 
reduction of brittle materials is greatly dependent 
on the type of loading that is employed. In this re- 
gard it was postulated that fracture and size reduc- 
tion of a brittle specimen might be accomplished by 
a high velocity impact at an energy level at which 
a low velocity impact would leave the specimen 
relatively undamaged. The finite time required to 
propagate energy away from the point of loading 
of an impacted object to other parts of the object 
and to its supports may permit a concentration of 
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energy at the point of impact if the rate of loading 
is high. Localizing of energy at the point of impact 
could quickly initiate fractures that would propagate 
through the impacted material along with the 
traveling stress waves. As the cracks form, the 
initially absorbed strain energy would be released 
and portions of it travel ahead of the crack tips as 
stress waves. These secondary stress waves, com- 
bined with the initial stress waves derived from the 
impact, would produce high localized strain condi- 
tions in front of the fracture zone. The fracture zone 
would propagate and the specimen shatter. High 
rates of loading are brought about by short impact 
times, in turn obtained by employing high velocity 
projectiles that are of small mass compared to the 
impacted object. 

In the case of a low velocity impact, at an energy 
level equal to that of a high velocity impact that 
causes fracture, loading rate would be relatively 
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slow and no extensive localized concentration of 
energy would occur. In this latter case fractures 
may not be initiated and the specimen might with- 
stand the shock of impact. 

The aforementioned study' also showed that for 
longitudinal impact of a brittle elastic bar, sup- 
ported in a rigid manner, there is a specific impact 
time that will permit a maximum transfer of kinetic 
energy of impact to strain energy of the bar. This 
specific impact time depends on the shape of the 
force pulse generated by the impact. For most simple 
impacts, an impact time of 0.5 to 2.0 times the 
period of fundamental vibration of the impacted 
specimen will result in a transfer of energy to strain 
energy which is greater than for impact times out- 
side this range. To obtain impact times as short as 
the period of fundamental oscillation of an impacted 
body, the impacting object must be of small mass 
compared to the mass of the impacted body. Thus 
high velocity impacts are again indicated if fracture 
is the desired result. Since strain energy is the only 
form of energy that can directly cause fracture, an 
increase in the transfer of kinetic energy to strain 
energy, which may be obtained by selecting specific 
impact times, might result in an increase in efficiency 
of size reduction. Unfortunately, the above relation- 
ship between energy transfer and impact times can 
only be shown to be valid if fracture of the im- 
pacted specimen does not occur. If fracture does 
take place during time of loading the energy trans- 
fer process may be modified and the effect of impact 
time on the overall size reduction of the specimen 
cannot be predicted in advance of experiment. 

To verify the above hypothesis and to illustrate 
the effects of high velocity impacts in comminuting 
systems the following impact fracture tests have 
been made on glass specimens. 


Experimental Apparatus: The glass specimens se- 
lected for the impact fracture experiments were 
pyrex cylinders 2 in. long and 1.125 in. diam. Pyrex 
glass was chosen, since it is relatively inert to at- 
mospheric conditions that cause aging, is easily ob- 
tainable, deforms elastically until fracture, and be- 
haves in many other respects lke materials en- 
countered in crushing and grinding operations. The 
cylinders were cut from 5-ft lengths of pyrex rod 
and the ends ground flat and perpendicular to the 
long axes (+0.5°). The specimens showed no evi- 
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Fig. 1—Equipment for high and low velocity impacts on 
glass specimens. 
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dence of residual stress when examined by a photo- 
elastic technique. 

The period of fundamental oscillation (longitu- 
dinal) of the rod specimens was calculated to be 
approximately 20 » sec by means of Eq. 1.” 

[1] 
where T = period of oscillation in seconds; 1 = rod 
lengths, 5.08 cm; p= density of pyrex glass, 2.31 
g per cm’; g = acceleration of gravity, 980 cm per 


sec’; and FE = Young’s Modulus of glass, 6.93x10° 
g per cm’. 
LIGHTS 
LENSES 
ARN STANDARD 
FREQUENCY 


PHOTOTUBES 


OSCILLATOR 


LINEAR 
AMPLIFIER 


l= 
Bt 
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~ FOLLOWERS (FLIP-FLOP) COUNTER 


AMPLIFIER 


Fig. 2—Velocity measuring circuit. 


Two impacting objects were used in the fracture 
tests. One of these was a dropping weight of mild 
steel weighing 3.69 kg and the other was a mild 
steel projectile weighing about 12 g. To preserve 
geometrical similarity at the point of impact a short 
spigot was machined on the striking end of the 
dropping weight to correspond to the shape of the 
end of the projectile. For both impacting objects the 
surface making contact with the glass specimens 
was spherical and of 6-in. radius. Figs. la and lb 
give the dimensions of the impacting objects. 

The impact time of the 12-g projectile on the 
glass specimens was about 30 p» sec or about 1.5 
times the period of longitudinal oscillation of the 
specimens. This value was measured by tests wherein 
the projectile, when in contact during impact with 
the end surface of a specimen, acted as a switch 
which modified a timing trace on an oscilloscope. 
The impact time was read directly from the oscil- 
loscope screen. By contrast, the impact time of the 
dropping weight was of the order of milliseconds 
rather than microseconds. 

The fracture tests were made at a number of 
levels of kinetic energy of impact and thus the 
velocities of the dropping weight and the projectile 


Table |. Impact Fracture Tests 


Impact Impact with 11.9 
Energy, Impact with 3.69 Kg, G, High Velocity 
Kg-Cm Dropping Weight Projectile 
170 All ten specimens All ten specimens 
fractured fractured 
140 Eight out of ten specimens All ten specimens 
fractured fractured 
110 Three out of ten specimens All ten specimens 
fractured fractured 
80 Two out of ten specimens All ten specimens 
fractured fractured 
50 No specimens fractured All ten specimens 
fractured 
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Fig. 3—Results of fracture tests on glass specimens with 
high and low velocity impacts. Impact energy: 50 kg-cm. 


just prior to impact for any specific energy level 
were adjusted to conform with Eq. 2. 
Kinetic energy of impact = Mgh 

where M = mass of dropping weight; V = velocity 
of dropping weight prior to impact; m = mass of 
projectile; v = velocity of projectile prior to im- 
pact; and h = height of fall of dropping weight. 

The dropping weight impact apparatus consisted 
of a steel tube that guided the weight to the speci- 
men and a heavy steel anvil on which the specimen 
was placed. Energy of impact was determined by 
measuring the height of fall of the weight. Fig. 1C 
illustrates this apparatus. 

The projectile impact apparatus consisted of an 
air gun and a heavy steel anvil. The air gun was 
calibrated with a velocity measuring device so that 
for a specific barrel length and projectile weight a 
known pressure would result in a known exit velocity 
of the projectile from the barrel. Fig. 1D illustrates 
the air gun apparatus. An electronic device con- 
sisting of phototubes, slits, and light sources was 
used to measure velocities of the projectiles. A 
simplified circuit for the velocity measuring device 
is given in Fig. 2. 

Experimental Results: Table I shows the results 
of fracture tests on the glass specimens at a number 
of levels of impact energy. Low velocity impact 
tests at an impact energy of 50 kg-cm did not result 
in fracture of any of the specimens, whereas high 
velocity impacts at the same energy level resulted 
in fracture of all the specimens tested. It was neces- 
sary to raise the level of impact energy at low 
velocity to 170 km-cm before fracture of all speci- 
mens occurred. 
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Fig. 4—Size distributions of fractured glass specimens as a 
function of impact energy (kilogram-centimeters). 
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Fig. 3 illustrates some of the products from the 
impact tests at the low energy value of 50 kg-cm 
and shows the high degree of shattering obtained 
with the high velocity impacts and the relatively 
undamaged low velocity impact specimens. 

In Fig. 4 the logarithm of the percent cumulative 
finer than a given size is plotted vs the logarithm 
of that size. Crushed homogeneous materials gen- 
erally show a straight line size distribution rela- 
tionship when plotted in the above manner. Such a 
relationship indicates that the ratio of weights of 
material recovered on successive screens is constant 
if the size of successive screen apertures varies in 
a geometric progression, e.g., Tyler screen series. 
Since pyrex glass is considered to be a homogeneous 
material, straight line size distribution plots would 
be expected and the experimental results, as illus- 
trated in Fig. 4, show this to be the case for all types 
of impact crushing investigated. 

It will be seen that increases of impact energies 
in the high velocity shattering experiments resulted 
in a shift of size distribution lines to positions parallel 
to the lowest energy line and in the direction of 
increasing fineness of product. Since the slopes of 
the size distribution lines remain constant under all 
values of impact energy at high velocity the ratio 
of weights of material recovered on successive 
sereens is also constant with respect to energy of 
impact. These results indicate that the energy of 
input to the system by a constant weight projectile 
does not affect the mode of fracture of the speci- 
mens but only determines the amount of fracture or 
size reduction that is obtained. 

Increases in energy input at low velocity also 
produce size distribution lines that are parallel to 
that of the lowest impact energy line and shifted 
in the direction of increased fineness of product. 

The slope of the size distribution lines for the low 
velocity impacts, however, is considerably less than 
that of the size distribution lines for the high velocity 
experiments. From the graph, Fig. 4, the slope for 
the former case is about 1.1, whereas in the latter 
case the slope is about 1.4. Since different slopes 
indicate different modes of fracture it may be con- 
cluded from the results of the two types of impact 
that the mode of fracture is dependent on the mass 
of the impacting object and not on the impact 
velocity or the total impact energy. 

It was of considerable interest to the author to 
note the high value of 1.4 for the slope of the size 
distribution lines for the products from the high 
velocity impacts. As clearly shown in Fig. 4, a high 
value for the slope of the distribution line of a 
crushed product indicates a close sizing. In the usual 
methods of crushing and grinding a slope value of 
1.1 is rarely exceeded and a value as high as 1.4 is 
abnormal. The phenomena is of practical interest, 
since crushing and grinding between narrow size 
limits is a problem of great industrial importance. 

Inspection of the size distribution lines in Fig. 4 
does not permit a simple conclusion as to whether 
or not high or low velocity impacts are more satis- 
factory for size reduction of the glass specimens. 
Obviously the high velocity impacts cause more size 
reduction up to an energy level of 170 km-em since 
no consistent fracture takes place with low velocity 
impacts at energies below this value. At. 170 km-cm 
the size distribution lines for high and low impact 
velocity cross one another below the 50 pct point, 
thus preventing a conclusion as to whether high or 
low velocity impacts result in a greater size reduc- 
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tion. The size distributions fit the Schuhmann equa- 
tion® as follows: 


y = 100(a2/k)” [3] 
where y = percent cumulative finer than a size; 
x = particle size; k = size modulus (value of x 
when y = 100); and m = a constant. It may be 


seen that for assemblies of particles that follow Eq. 
3; values for m and k completely specify a particular 
size distribution. If m is constant for a special group 
of particle assemblies then the value k alone com- 
pletely specifies a size distribution. For constant m, 
k is a measure of the size reduction obtained in a 
comminuting process and is termed the size modulus. 
For the impact tests in this investigation the size 
moduli have been plotted in Fig. 5 vs impact energy 
on log-log paper. For both types of impact a straight 
line results. The slope of the log E vs log k line for 
low velocity impact, curve A in. Fig. 5, is —1.07, 
whereas the corresponding slope for the high velocity 
impact, curve B in Fig. 5, is —1.38. Thus for an 
n-fold change in impact energy the change in size 
modulus for the low velocity impact is greater than 
that for the high velocity impact. By extrapolation 
the k value for a high velocity impact of 515 kg-cm 
energy would be 4.6 mm. Using this k value the size 
distribution line for a high velocity impact of 515 
km-cm has been plotted, as a dashed line, in Fig. 4. 
This line may be compared with the experimental 
line for low velocity impact at the same energy. It 
is apparent that at this energy the low velocity im- 
pact produces a greater size reduction than the high 
velocity impact even though the size reductions at 
the energy value of 170 kg-cm may be roughly 
equivalent. Consequently it would appear that, if 
fracture takes place, low velocity impacts may cause 


26.7 mm 


Fig. 6—Screened fractions of fractured glass specimens. 
Impact energy: 170 kg-cm. Right-hand column, low velocity 
impact; left-hand column, high velocity impact. 
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Fig. 5—Impact energy vs size modulus for fractured glass 
specimens. 


a greater size reduction than high velocity impacts. 

To explain these results in the light of the experi- 
ments on energy transfer as outlined in the intro- 
duction it must be concluded that fracture occurs 
during loading time and restricts the energy trans- 
fer process to such extent that proportionally less 
energy is absorbed before fracture by high velocity 
impact than by low velocity impact. High velocity 
impacts are useful for initiating fractures and for 
obtaining closely sized products, but for overall size 
reduction the low velocity impacts may be more 
efficient. 

During the course of the fracture experiments it 
was noted that the characteristic shapes of the pieces 
of glass from the specimens ruptured by impact at 
low velocity with the dropping weight were very 
different from those of the specimens ruptured by 
the high velocity projectiles. For the former the 
fractured particles were most commonly in the form 
of splinters and needles. Examination of sized frac- 
tions of these particles showed that the splinter or 
needle structure persisted even to fine sizes (100 
mesh). It was also observed that very little internal 
fracture occurred within the particles that resulted 
from rupture. In the case of the high velocity im- 
pacts the particles resulting from rupture were 
blocky and equidimensional and showed appreci- 
able internal rupture. The typical needle-like struc- 
ture of low velocity rupture was not evident in any 
of the size ranges down to 100 mesh. Fig. 6, showing 
a few of the screened fractions of the fractured 
specimens, illustrates the difference in particle shape. 

From shapes of pieces resulting from the fracture 
tests it was concluded that the fracture mechanism 
and pattern were different, and it was postulated 
that the low velocity impact tests acted in much the 
same manner as slow compression tests of glass 
blocks.' Radial tensions were produced by slow end 
loading and the specimens ruptured mainly by 
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Fig. 7—High speed photograph of glass cylinder ey 
at low velocity. 


longitudinal cracks parallel to the direction of load. 
No abrupt changes in stress occurred within the 
specimen before fracture and the cracks, upon ini- 
tiating, travelled in relatively straight lines. Some 
cross fractures developed and shortened the splinters, 
but the longitudinal direction of fracture propaga- 
tion was predominant. On the other hand, the high 
velocity impacts produced extensive interaction of 
stress waves coupled with some form of the stress 
conditions produced by slow loading, and resulting 
fractures were randomely oriented in the direction 
of propagation. The particles produced in the latter 
case were irregular and blocky and were subject to 
considerable internal fracture. 

To investigate the fracture processes in the im- 
pact tests more closely short exposure photographs 


Fig. 8—High speed photograph of glass cylinder impacted 
at high velocity. 
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were made of the fracture patterns on the surface 
of the specimens just prior to the instant when the 
ruptured pieces flew apart. The light source for the 
photographs, a General Radio Stroboscope, permitted 
exposures of the order of 20 » sec. A silver conduct- 
ing strip was painted on each of the specimens and 
connected to an electronic switch, so that when the 
strip was severed by a crack in the specimen the 
stroboscope was tripped and a photograph obtained. 

Figs. 7 and 8, obtained in this manner, show the 
specimens in a state of partial fracture prior to 
explosive disintegration. In Fig. 7 straight longi- 
tudinal cracks are caused by the low velocity impact 
of the dropping weight. The specimen is shown to 
break up much like a piece of cord wood being split 
by an axe. In Fig. 8 the fractures form a complex 
network consisting of a few longitudinal cracks 
leading from the point of impact and a larger num- 
ber of branching vein-like cracks stemming from a 
major crack starting from the fixed end of the speci- 
men. Figs. 7 and 8 clearly show that two dissimilar 
modes of fracture occurred and illustrate the process 
by which particles of different characteristic shape 
were produced. 


Conclusions 

The following conclusions may be made from the 
experimental results of this investigation. 

1) High velocity impact may bring about frac- 
ture of a brittle object at an energy considerably 
less than that required to fracture the object at low 
velocity impact. 

2) When fracture of a brittle object is obtained, 
energy applied by low velocity impact or slow com- 
pression loading may produce a larger size reduction 
of the specimen than an equivalent amount of energy 
applied by high velocity impact. 

3) The mode of fracture of a specimen of a 
homogeneous material is determined by the manner 
in which the loading forces are applied and not by 
the amount of energy available. As a corollary to 
this conclusion it may be stated that, for a single 
material, different methods of applying impact loads 
will produce different characteristic particle shapes 
and different types of size distributions. 

4) Shattering by high velocity impact produces 
a closer sized product than shattering by low velocity 
impact. 
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T Henderson, Nev., Manganese Inc. is mining by 

open pit methods a low grade manganese ore 
averaging 21 pct Mn, concentrating it to 42 pct by 
flotation, and agglomerating it to produce nodules 
of metallurgical grade—about 48 pct Mn. 

The striking aspect of the whole operation, and 
one that has considerable effect on nodulizing, is the 
use of approximately 250 lb of reagent per ton of 
mill feed. 

For many years rotary kilns have been used for 
drying, calcining, clinkering cement and other prod- 
ucts, and burning lime. Their use for nodulizing or 
agglomerating a metallic ore is new—first reported 
in this country in 1904, when a small rotary kiln at 
South Chicago was employed to nodulize flue dust 
from a blast furnace. After a short time this process 
was replaced by sintering. 

During World War II the agglomerating process 
gained considerable impetus, chiefly because there 
was a shortage of open hearth ore for the steel in- 
dustry, and several operations were set up to nodu- 
lize fine iron ores in kilns that were available, usually 
cement kilns. Since the war several installations 
have been set up for nodulizing or agglomerating 
various products. One of these is the plant at 
Henderson, Nev. 

The process of nodulizing, in a rotary kiln, is 
simply heating material, generally finely ground, to 
a temperature at which the product becomes plastic. 
By the rotary action of the kiln it then rolls into 
balls and sticks together to form larger balls. The 
ultimate aim of the operation is, of course, to make 
balls of the desired size without having too much 
of the material stick to the walls of the kiln. 

There are three important factors for satisfactory 
kiln operation: 


1) Constant feed of a given tonnage, each minute 
of each hour of each day. 


2) Constant chemical analyses of the feed so 
that the proportion of each element or mineral, in- 
cluding moisture, is always the same. 


3) Constant temperature and draft so that the 
same condition always exists in the firing zone of 
the kiln. 

When the first two conditions are achieved, the 
third is possible. 

At Manganese Inc. none of these conditions exists. 
There is also the problem of eliminating lead from 
the feed to meet certain specifications in the nodules. 

Mill concentrates to be fed to the kilns vary from 
39 to 44 pct Mn, 7.5 to 12 pct silica, and 1.0 to 4 pet 
Pb, with varying amounts of aluminia and alkaline 
earths. Because of the extremely large amount of 
reagents used, the most economical way to get con- 
centrates to the kilns has been direct filtering, in 
leaf filters, in circuit with a thickener and cyclones. 
These filters produce a very wet sticky cake that 
averages 18 to 21 pct reagents, consisting of diesel 
fuel, soap and oronite, and 20 to 25 pct moisture. 
It is difficult, to say the least, to produce a steady, 
uniform feed for the kiln directly from the mill, 
since feed varies not only with mill operation but 
also with variations in ore fed to the mill. Opera- 
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Fig. 1—Flowsheet, nodulizing section, Manganese Inc. 


tion of the kilns must be regulated from hour to 
hour and day to day to meet the changing nature 
of the feed. 

On the flowsheet, Fig. 1, progress of the material 
can be followed from the filter building, through 
the nodulizing section, to the final stockpile. 

At the filter building petroleum coke is added at 
approximately 3 pct of the dry weight of cake, and 
soda ash at 0.3 to 1.0 pet. The coke is added as a 
reducing agent in the nodulizing kiln, and the soda 
ash helps pelletize the material and also cuts down 
on dust. 

This combined feed is elevated by conveyor belt 
to the feed end of the first two kilns, which are in 
parallel, where it is split by a double screw feeder. 
Each screw can be varied in speed, and baffles in 
the chute above can be shifted to divert the feed to 
one or both screws so that it can be regulated to 
each kiln. From this splitter the feed drops to a 
ribbon screw (18 in. diam and 18 ft jong) in the 
end of each kiln which carries the feed through the 
dust hood and deposits it in the kiln 5 ft from the 
end. Eight chains, 3 ft 6 in. long, hanging with a 
loop of about 10 in. in the middle, are staggered 
over 5 ft of kiln length at the feed point to prevent 
the sticking of the greasy, wet material and the 
formation of a mud ring. 

Within the first 30 or 40 ft of these kilns most of 
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Off “at a temperature of 800° to 
: y of the whole operation is governed 
by the fact that reagents can burn off at this point— 
which in turn depends on the amount of oxygen 
that can reach this point. At the discharge end the 
two kilns are fired with preheated bunker C fuel 
oil by boiler-type panco burners, which are used to 
heat up the kilns and, under normal operation, to 
keep the fire going in the feed end. There is usually 
enough fuel in the feed to provide sufficient heat to 
bring the material up to the discharge temperature 
of 1000° to 13000°F. Fuel consumption is about 2 gal 
per ton of dry feed. 

The draft for each of these kilns is produced by 
a 48,000-cfm fan. This draws the gases from the 
feed end of the kiln through a dust hood and duct 
to cyclonic scrubbers (10 ft diam and 24 ft high) 
with a duct from the top to the fan and thence to 
a stack 100 ft high. A very incomplete combustion 
takes place and a dense black smoke is produced. 
The scrubbers as well as the duct and fan contain 
sprays to cool» the gases and remove most of the 
dust. The sludge produced in the scrubbers as well 
as the dust from the hoods on the feed end of the 
kilns is collected in a sump and is pumped back to 
the thickener at the filter building to be returned 
as a circulating load. 

A very greasy sludge, locally called goop, collects 
in the bottom of the fan housing and in the stack. 
This must be removed about every half hour and 
hauled to a stockpile, where it eventually dries out 
to be returned to the thickener. This goop repre- 
sents the chief source of loss in manganese, as it 
contains about 10 pet Mn. 

The discharge of these two kilns is usually in the 
form of small pellets, with a particle of coke in the 
center and the fine ore held to it by the sticky soda 
ash. There is decided reduction in oxygen content 
of the manganese oxides during this operation, and 
50 to 65 pct of the discharge is in the form of MnO. 

This material is fed to the nodulizing kiln through 
two stainless steel pipes, which deposit it 3 ft from 
the feed end of the kiln. The nodulizing kiln, 150 ft 
long and 10 ft diam, has an enlarged or belly section 
11 ft 6 in. diam and 20 ft long (with transition sec- 
tions 8 ft long) that is 28 ft from the discharge end. 

In this kiln the material is heated to the noduliz- 
ing temperature, which varies from 1800° to 2150°F, 
depending on the silicia content, and/or the ratio 
between the silicia and the alkaline earths. At about 
1600°F, or near the middle of the kiln, the coke 
becomes active as a reducing agent and the lead 
fuming starts. This reaction continues to within 3 
to 5 ft of the discharge end. The lead in most of the 
Henderson ores is in the form of a lead manganate— 
coronadite—and just what reaction takes place for 
liberation is not definitely known. One of two re- 
actions is assumed, either of which, or both, may be 
right or wrong. The lead may be reduced to metallic 
lead by the reducing action of the coke and fumed 
off as an oxide or a sulfate by combining with the 
oxygen or sulfur dioxide in the gases or it may 
simply be replaced in the coronadite by one of the 
alkaline earths, which are generally present as sul- 
fates, and be fumed off as a sulfate. It is definitely 
known that both lead oxide and lead sulfate are 
present in the lead sludge knocked down from the 
exit gases of the kiln and also that there must be 
a reducing reaction and then an oxidizing reaction 
in the kiln to produce good lead elimination. This 
latter condition has been found necessary both in 
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Primary and secondary lead scrubbers. 


kiln operation and in laboratory work. The lead in 
the ores at Manganese Ince. is so intimately and uni- 
formly integrated with the manganese that it is 
impossible to segregate a sample of the lead mineral 
for study or test. The presence of the mineral coro- 
nadite has been confirmed only by X-ray analysis 
and no other lead mineral has been found. 

Practice has shown that there must be 2.75 to 3.25 
pet coke in the feed to obtain satisfactory lead elim- 
ination. Any deviation from this range results in 
poor lead elimination and a decrease in upgrade of 
the manganese. 

Within the range of the fuming temperature, a 
very strong exothermic reaction also takes place, 
during which the MnO produced in the first kilns 
changes back to MnO, or Mn.O,; or possibly other 
oxides of manganese, as Manganese is multivalent 
(valances of 1 to 7). This reaction may well enter 
into the lead release also. 

The combination of this exothermic reaction and 
the burning of the coke, together with the heat of 
the burner, rapidly brings the temperature of the 
charge up to the plastic state. Thus firing the kiln 
and controlling the position of this plastic zone is 
extremely difficult, even under the best conditions. 
With changes in rate of feed and variations in the 
silica content, resulting in a change in nodulizing 
temperature, it becomes virtually impossible to hold 
the plastic zone within reach of the boring bar. 

In all nodulizing operations, as well as in many 
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Kiln plant. From left to right: cooler, nodulizing kiln, 


Calcine kilns, 8x150 ft. 
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and two calcine kilns. Lead scrubbers at extreme right. 


sintering or clinkering operations in rotary kilns, 
some of the material, as it reaches the plastic state, 
sticks to the kiln and forms rings. Manganese Inc. 
has this condition. Twice during a shift a boring 
bar is used which extends into the kiln 22 ft. Under 
good conditions most of the build-up is removed, 
but rings do form beyond the reach of the bar. Feed 
is shut off about once a week for an hour so that as 
much of the ring as possible can be shot out. Effec- 
tive shooting cannot be done with feed in the kiln, 
as lead fuming makes it impossible to see into the 
kiln more than 10 or 15 ft. Every 45 to 75 days it 
is necessary to shut down the operation, cool the 
kiln, and go in and remove the coating by blasting. 
As the build-up becomes progressively thicker, con- 
trol of the kiln is more difficult and there is a marked 
decrease in effectiveness of lead elimination. 

To return to the flowsheet, the gases from the 
nodulizing kiln, containing the lead fumes, are re- 
moved by a 58,000-cfm fan through a dust hood and 
through an enlarged duct, which was originally a 
multicone, and are forced through two lead scrub- 
bers, one above the other, where a multitude of fine 
high pressure sprays knock down the dust and most 
of the lead fumes. Resulting sludge from these 
scrubbers contains 30 to 45 pet Pb and 15 to 20 pct 
Mn. This is pumped to a settling tank, where it is 
allowed to dry and is then shipped to the smelter. 
The dust from the feed end hood as well as that 
from the duct is collected in hoppers, conveyed to 
a sump by screws, and sluiced to the same sump 
and pump that handles the dust from the first two 
kilns. It is then returned to the thickener. The total 
dust collected from all sources returned to the thick- 
ener and to the circuit represents 10 to 11 pct of 
the dry feed. 
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Nodulizing kiln, 10 ft diam x 150 ft long. Note enlarged section at left. 


The nodulizing kiln is fired by Coen burners, 
using preheated bunker C oil at 200 to 400 psi. A 
center burner is normally used, but at times there 
is also a wing burner with a small intense flame 
directly above the charge as it rolls in the kiln. Fuel 
consumption is 6 to 6.5 gal per ton of dry feed. 
Firing temperature is indicated and recorded by a 
Ray-O-Tube. As previously mentioned, the noduliz- 
ing temperature varies with the silica content of the 
feed. The kiln is fired by eye, so to speak, and the 
temperature kept at the point where the charge will 
nodulize properly and not become too sticky and 
build up in the discharge hopper. As no previous 
analysis of the feed comes direct from the mill, no 
predetermined temperature can be used. 

The draft of the kiln is controlled by a damper 
on the fan and by bleeders in the duct between the 
dust hood and the fan. Usually the kiln is operated 
at almost zero draft, just enough to remove the 
fumes and products of combustion. Likewise, the 
hood on the firing end is under no vacuum and little 
air enters the hood or kiln except that supplied by 
the primary air to the burner. A reverse draft on 
the cooler helps keep this firing hood at zero draft. 
A fume hood over the seal between the kiln and 
the hood has a 35-ft stack. During normal operation 
a small plume of fumes is evident from this stack. 


The nodules produced in the kiln drop into a 
hopper, where a small amount of water is sprayed 
on them, and then pass into a rotary cooler 8 ft diam 
and 97 ft long. Here they are cooled to 400° to 
500°F and are discharged to a pan conveyor, where 
additional sprays cool them to 200°F while elevating 
them to the sample house. A sample is cut auto- 
matically from the flow every 5 min and crushed 
and split. The reject is returned to the flow, which 
drops onto a short belt and over a weightometer 
before passing to the stockpiling system. A long 
conveyor with a movable tripper and stacker de- 
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posits the final product in stockpiles. A grizzly at 
the discharge of the cooler removes all the +6-in. 
material, which is broken up by hand and returned 
to the grizzly. A separate pile is made for each 
24-hr period. These piles are blended as they are. 
loaded into trucks, which haul the product to the 
railroad seven miles away. 

Capacity of the nodulizing section at Manganese 
Inc. is practically 40 short tons of wet feed per hour. 
This represents about 22 tons of dry mill concen- 
trates, from which 15 short tons of nodules are pro- 
duced per hour. The nodules average 48.00 pct Mn, 
11.50 pet SiO., 2.40 pet Al,O;, 0.60 pct Pb, and less 
than 0.20 pect Zn and Cu combined. 

Performance of the plant can best be illustrated 
by data in Table I, which covers the first three 
months of 1956. 


Table |. Plant Production at Manganese Inc., January through 


March, 1956 

Delays Operating Time, Hr Percent 

1,992.0 91.4 
Cooling and heating 69.5 oe 
Removal of buildup 88.5 3.8 
Brick work 26.5 1.2 
Electrical 1.5 0.1 
Mechanical 4.0 0.2 
Miscellaneous 2.0 0.1 
Total delays 192.0 8.6 
Total time 2,184.0 100.0 
Production and Short Long Eres 
Performance Tons Tons Mn, Pct Units 
Wet feed 77,237.6 
Dry feed (concentrate) 36,181.4 32,304.9 42.25 1,364,870 
Cal, dust to storage 375.1 334.9 40.00 13,396 
Net feed to kilns 35,806.3 31,970.0 42.27 1,351,474 
Nodules produced 29,680.5 25,500. 48.35 1,281,242 
Wet feed per hr 38.7 
Nodules per hr 14.9 
Upgrade of Mn, pct 14.4 


Feed to nodules, ratio 
Recovery, wt pet 
Manganese recovery, pct 94.8 


1.207:1.000 
82.9 


Discussion of this paper sent (2 copies) to AIME before Jan. 31, 
1957 will be published in Minine ENGINEERING and in AIME Transac- 
tions, Vol. 208. 
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Oxidation and Enrichment of 
the Manganese Deposits of Butte, Mont. 


by Paul L. Allsman 


Butte mining district contains extensive manganese vein deposits forming a peri- 
pheral zone. Oxidation in the veins studied usually extends to a depth of about 75 ft. 
Secondary minerals formed by oxidation were found to be ramsdellite—always accom- 
panied by intermixed pyrolusite—and cryptomelane. Enrichment of the gossan is accom- 
plished by reduction of weight upon oxidation; theoretical enrichment is 32.2 pct. Addi- 
tional enrichment is caused by leaching of soluble minerals, particularly calcium and 


magnesium carbonates. 


UTTE mining district contains extensive manga- 

nese vein deposits in the outer zone, surround- 

ing the copper and zine deposits and corresponding 

to the well known silver zone. This article describes 

the mineralogy of the manganese veins, the oxida- 

tion and enrichment processes, and the use of this 
information in prospecting. 

Information was derived from a study of the 
Emma, Star West, Tzarena, and Norwich mines, 
selected as representative of the district. Vein expo- 
sures at these mines were mapped, studied, and 
sampled on the outcrops and throughout the oxidized 
zone. Specimens were cut and polished for minera- 
graphic examination, identification, and textural 
studies. 

Knowledge of the manganese oxide minerals is 
scanty, previous information having been rendered 
obsolete by publication of the first correctly iden- 
tified list of manganese oxide minerals by Fleischer 
and Richmond in 1948. Positive identification of the 
manganese oxides is possible only by X-ray analy- 
sis. Identifications for this study were made by the 
author with a Phillip’s Diffractometer at the Mon- 
tana School of Mines and confirmed by Lester 
Zeihen of The Anaconda Co., using a Norelco X-ray 
camera. It was necessary to re-evaluate some X-ray 
data, as published patterns of several manganese 
oxides proved to be of mixtures, mostly showing 
pyrolusite as a contaminant. 

Perhaps the most useful information on oxidation 
and enrichment of manganese is presented in recent 
books by Goldschmidt’ and Rankama and Sahama.* 
While their hypotheses are not conclusively proved, 
all laboratory and field evidence has served to sub- 
stantiate them. This information was very useful in 
this study. 

Mineralogy: The primary minerals of the manga- 
nese veins are chiefly rhodochrosite and quartz. 
Rhodonite is abundant in the northern part of the 
district and in places has been found to comprise 
over a third of the vein matter. A variable but gen- 
erally small amount of sulfides may be present, 
principally pyrite and silver minerals. Sphalerite is 
progressively more abundant near the zinc zone. 

Rhodochrosite is believed to form complete iso- 
morphous series with siderite, ankerite, and calcite. 
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Mines Co., Park City, Utah. 
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Some variation into these compositions is common, 
and the intermediate forms are termed manganosid- 
erite, manganankerite, and manganocalcite. Much 
of the rhodochrosite is remarkably pure. Other 
manganese minerals in the district include huebner- 
ite, alabandite, and helvite. 

Ramsdellite (MnO., orthorhombic) is the principal 
manganese oxide mineral, comprising perhaps two- 
thirds of the total oxides. It is dull to iron black, 
and generally massive or platy in structure. A 
prominent platy cleavage is the only distinguishing 
megascopic characteristic. 

Pyrolusite (MnO., tetragonal) is next most abun- 
dant to ramsdellite, with which it is usually inti- 
mately mixed. The luster is often brighter or more 
metallic than in ramsdellite, and needle-like crystals 
are diagnostic. Pyrolusite is common in small cavities 
formed by oxidation of pyrite grains. It is relatively 
abundant in zones of high limonite content. 

Cryptomelane (KMn,O,, tetragonal ?) is rare in 
the outcrop, but becomes more abundant with depth. 
At depths of several hundred feet it is the principal 
oxide. Although its appearance varies, a blue-black 
flinty luster and blocky to conchoidal fracture are 
most common. A potassium flame test will identify 
this mineral. 

Hardness of all three oxides varies from 2 to 6. 
The three are quite commonly intermixed, and their 
textures can vary greatly. The commonest textures 
are massive or colloform, representative of colloidal 
deposition, or vuggy and boxwork textures, formed 
by partial leaching and oxidation in place. A box- 
work of either ramsdellite or chalcedony is formed 
after rhodochrosite rhombs and is indicative of ore 
shoots in this district. Some replacement of both 
quartz and the granitic wallrock by ramsdellite has 
been noted, but most of the oxide was deposited as 
a fissure filling by fine particles. 

No trace of manganite, hausmannite, braunite, or 
manganosite was found. No minerals of the psilome- 
lane group were detected besides cryptomelane. 
Amorphous MnO, was found at several spots. A 
specimen of oxide coated with yellow barite crystals 
was amorphous and not psilomelane (BaMn,O,s. 
2H,0). Voids formed by the leaching of sphalerite 
were coated with cryptomelane, not hetaerolite 
(ZnMn.O,) as might be expected. No manganese 
sulfate minerals were found in the gossans; how- 
ever manganese alum (apjohnite ?) has been re- 
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ported from the 3400 level of the Mt. Con mine, 


undoubtedly a secondary deposit from strongly acid 
copper-water. 


Laboratory Experiments: Laboratory experiments 
included mineragraphic examination and etch tests 
on polished sections and tentative megascopic iden- 
tification of 200 specimens. Analyses of mine water 
were made to determine the impurities, and par- 
ticularly the pH. The Butte ground water was found 
to have a constant pH of 7.5, excepting the acid 
copper water. 

The basic hypothesis of Goldschmidt (Ref. ep: 
621-624) regarding the weathering cycle of manga- 
nese is that divalent manganese is leached by carbon 
dioxide-bearing water mainly as the bicarbonate 


MnCo, + CO, + H.O = Mn(HCO,).. 


To substantiate this hypothesis powdered rhodo- 
chrosite was dissolved in water of pH 7.5. Mn** and 
HCO, ions were produced, as well as some MnoO.. 
Mine water analyses showed both Mn** and HCO, 
ions present, but no CO, was detected. Although 
this is not definite proof of the above reaction, it is 
sufficient to establish the reaction as plausible. 

In another experiment fresh rhodochrosite faces 
were exposed to the elements for six months. No 
trace of oxidation was produced, showing that 
oxidation is not as rapid as often believed. 

Oxidation: Assuming that the hypothesis of Gold- 
schmidt is valid, the first step in oxidation is leach- 
ing of divalent manganese as the bicarbonate 


MnCo, + CO, + H.O => Mn(HCO,).. 


The second step, also postulated by Goldschmidt, 
is precipitation of trivalent and quadrivalent manga- 
nese as oxides. This step is dependent on both the 
availability of oxygen and the pH of the solutions. 
A pH of 7 to 8 is stated by Goldschmidt to provide 
the very highest oxidizing potential for manganese. 
The pH of 7.5 found in Butte is thus an optimum 
point and explains why only completely oxidized 
(quadrivalent) oxides are known. The reaction is 


Mn(HCO,). + O> MnO, + H.O + 2CO.. 


Precipitation of MnO, is very nearly stoichiometric, 
the MnO, being finely divided particles, almost col- 
loidal in size. The MnO, of this reaction is believed 
to be the mineral ramsdellite, whose textures give 
every evidence of colloidal deposition. Ramsdellite 
will invert to pyrolusite above 300°C, and is prob- 
ably an unstable form of MnO.. The intimate mix- 
tures of these two minerals commonly found are 
believed to represent partial recrystallization of 
ramsdellite to pyrolusite. 

An oxidation process of minor importance is 
thought to be due to the action of sulfuric acid, 
formed during the oxidation of pyrite. Because of 
the common association of zones of high limonite 
and high pyrolusite content, this reaction is thought 
to produce pyrolusite rather than ramsdellite. An 
intermediate step may be the formation of MnSO.. 
However, if this reaction occurs the effect is very 
localized, for sulfuric acid is rapidly neutralized by 
rhodochrosite. At any rate the small amount of 
pyrite is insufficient to produce any major amount 
of oxidation; in fact fresh pyrite is often found as 
remnants in completely oxidized MnO.. 

The mineral cryptomelane is believed to be 
formed by absorption of potassium into MnO, gels, 
produced originally by colloidal deposition. This 
explains its abundance at depth, where potassium 
is more plentiful in circulating water than at the 
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Fig. 1—Detail of surface stope (after Gidel and Steele) and 
generalized longitudinal section of the Emma vein. 


outcrop. Apparently potassium is absorbed more 
readily than either barium or zinc in Butte. 

Formation of MnO. from the bicarbonate requires 
oxygen. This is abundantly available above the 
ground water level, which is about 75 ft deep in 
Butte. The manganese veins are always more or 
less completely oxidized to this depth but sometimes 
contain a small amount of remnant protected car- 
bonate clear to the outcrop. Occasional oxide zones 
extend several hundred feet below the water table, 
localized along fault zones which have channeled 
oxygen-bearing surface water to greater depths. 

Manganese oxide is often formed in new workings 
in a few days or weeks. It is caused by Mn(HCO,), 
in solution suddenly gaining access to oxygen and 
precipitating MnO, on the walls. This is a thin skin 
and serves to protect underlying rhodochrosite from 
oxidation. 

Enrichment: Oxidation of MnCO, to MnO, pro- 
duces a reduction of weight, with a corresponding 
increase in grade of 32.2 pct. In general the gossan 
is that much richer in manganese than the primary 
ore. A small amount of Mn(HCO;). or MnO, is 
washed into the wall rocks or lost in other ways. 
However, such disseminations are estimated to con- 
stitute less than 1 pct of the total, the rest of the 
manganese being immobilized as quadrivalent oxides 
very near the point of solution. 

While the manganese and quartz content of the 
vein remains relatively constant upon oxidation, 
most other minerals are subject to leaching and 
transportation by ground water. Chief among these 
are the calcium, magnesium, and iron content of the 
rhodochrosite, or sphalerite and pyrite. Leaching of 
such constituents produces local enrichment in ex- 
cess of the 32.2 pct formed by oxidation, but the 
total amount of enrichment produced in this way 
is not large. 

A phenomenon noted in the Norwich mine is 
rhodochrosite disseminations near veins in the pri- 
mary zone. These are termed manganese paint and 
have the appearance of chalky slimes coating frac- 
tures and joints in the wallrock, growing stronger 
nearer the vein. This is caused by solution and re- 
precipitation of secondary MnCoO, in the absence of 
oxygen, below the ground water level. It may cause 
some locally enriched pods, especially near faults 
which serve as major watercourses. 
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The three foregoing processes are the only enrich- 
ment phenomena of any economic significance in 
these deposits. In a few places small enriched zones 
are selectively mined, and the increased grade is 
always welcomed by the mine operator. But in gen- 
eral secondary enrichment of manganese is of little 
practical importance in this district. 

Small deposits of MnO, are common along water 
courses, such as fissures or clay seams, several hun- 
dred feet deeper than any supergene oxides. These 
are due to deposition of colloidal suspensions of 
MnO, from water circulating down from the oxide 
zone. Such deposits give a direct indication of the 
total amount of secondary enrichment produced in 
these veins by descending meteoric water, and it is 
almost negligible. A typical deposit contains 4 to 6 
pet manganese and occurs as scattered pods less 
than 6 in. thick. They are not known to form com- 
mercial deposits. 

The Emma Mine: The Emma mine is the premier 
manganese mine in the U. S., having long supplied 
from 60 to 97 pct of the domestic manganese pro- 
duction. The Emma vein is about 40 ft wide and 
mining has extended to the 1700 level without 
bottoming the ore. The first manganese mining in 
Butte was carried out in 1917 by the Clark interests, 
on the Black Chief outcrop of the Emma vein. A 
detail of this stope is shown in Fig. 1. Current min- 
ing is at the rate of 1000 tpd, and total production 
has been 6,600,000 tons of manganese carbonate ore. 
The mine is operated under contract by The Ana- 
conda Co. 

The relation of the gossan to the primary ore is 
strikingly shown in the Emma vein, as diagrammed 
in Fig. 1. An ore shoot is indicated in the outcrop 
by high grade oxide and particularly by abundant 
boxworks. An adjacent barren part of the vein is 
obvious in the outcrop from black-stained quartz 
with no boxworks. This resistant quartz rib is 
largely responsible for the 140-ft hill of the Black 
Chief outcrop. 

In a raise near the Emma shaft oxidation was 
complete to 50 ft depth. Below this no oxidation 
was found. The change may be abrupt, sometimes 
occurring within ™% in.; however there is usually a 
zone of intermixed oxides and rhodochrosite. 

The bottom of oxidation follows the groundwater 
level in a general way, but local irregularities, con- 
trolled by the local structures, are very common. In 
the section in Fig. 1 it is seen that descending water 
has carried the oxidation deeper between two 
faults. 

Prospecting: It is believed that the chief value of 
this study lies in developing a technique for pros- 
pecting. Some of the Butte district is overlain by 
rhyolite flows, and some is covered by alluvium. 
However, study of the vein outcrops contained in a 
large area of the manganese zone would be a great 
aid in the development of the deposits. 

Dissolving of carbonate and precipitation of oxide 
is believed to occur so rapidly that transportation of 
manganese is nil, generally producing oxidation in 
place. The extreme immobility of quadrivalent 
manganese makes any further change after oxida- 
tion unlikely. The amount of oxide removed from 
the zone of oxidation is easily noted in the field and 
is estimated to be less than 1 pet. Consequently the 
manganese content of the gossan is nearly the same 
as the manganese content of the primary vein that 
produced it. The primary vein can thus be ac- 
curately reconstructed at the surface. 
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To convert a gossan grade to the corresponding 
primary grade the following method is suggested. 
Add 1 pct to make up for dissemination of man- 
ganese into the wall rock. Then divide by a factor 
of 1.322. This will give a reasonable estimate of the 
manganese content of the primary vein at that 
point. 

The gossan is frequently enriched by leaching of 
soluble constituents, as well as by oxidation, and a 
correction must be made. The only way to estimate 
the amount of leaching that has occurred is to ob- 
tain the weight of a piece of pure manganese oxide 
having the texture indicating oxidation in place— 
a spongy or boxwork texture. It is suggested that 
a cube of this gossan be sawed out and weighed. 
One cubic inch of MnO, formed from pure MnCO, 
should weigh 43.3 g. Any reduction in weight be- 
low this value is proportional to the amount re- 
moved by leaching, and the gossan grade should be 
lessened accordingly before changing it to primary 
grade. If no other evidence is at hand the leached 
constituents are assumed to be the calcium and 
magnesium content of the rhodochrosite. 

Limonite indicates pyrite if it occurs as vug fill- 
ings, and siderite or ankerite if it is uniformly dis- 
seminated. Quartz is stable and relatively insolu- 
ble. It indicates a quartz-rich primary vein, which 
frequently forms a prominent but usually barren 
outcrop. Silver often leaves traces, such as the 
characteristic greenish to purple stain. 

Careful analysis of the textures and mineralogy 
of the gossan will enable a prediction of the pri- 
mary mineral assemblage of the vein. The grade 
can then be calculated, and a complete reconstruc- 
tion of the primary veins can be made at this most 
accessible of all levels. This knowledge of ore grade 
and character, coupled with structural mapping, 
knowledge of the district habit of ore shoots, and 
any other geologic information available, should 
make possible a fairly accurate prediction of the 
manganese ore content of a vein in depth, in the 
Butte district, before any underground develop- 
ment is undertaken. 
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Predicting Size Distribution 
Classifier Products 


| Moen classifiers in use today are, in function, settling pools. A fluid suspension of particles is passed 
A through a pool at such a rate that only a fraction of the particles—the coarser fraction—has time 
to settle out of suspension. The rest are carried on out of the pool as overflow. The most fundamental way in 
which such classifiers differ is in the mechanism used to remove the settled particles from the pool. The parti- 
cles may gravitate from the pool, as in the various sand cones, or they may be conveyed mechanically from the 


pool by drags, spirals, or reciprocating rakes. The mechanism of settling pool classification and its limitations 
are discussed. 


II iN METHOD for calculating countercurrent classifications is presented. The practical validity of the 
bee calculation method has been confirmed through 20 years of use within The Dorr Co. During this 
time it has been used on diverse feeds and has been checked against many types of settling pool classifiers, 
with close agreement in nearly every case. Excellent elimination of third critical mesh particles and finer ones 
may be obtained in a countercurrent classifications series where all stages separate at the same mesh, but 
elimination of first and second criticals is inherently limited. Spectacular elimination of all criticals may be 
obtained by arranging successive stages to classify at successively coarser mesh. Improvement in elimination 
is obtained at the cost of an increased internal recirculation, but this may be tolerable in many cases. 


Part |. The Mechanism of Settling 


Pool Classification and Its Limitations 


HE mechanism of classification by settling pools 

is most simply shown in the case of batch sedi- 
mentation such as was analyzed by Oden." The 
batch model will be considered, therefore, and it 
will be shown that the same mechanism applies to 
continuous operation. 

Classification in Batch Settling Pools: Consider a 
beaker or tank of slurry containing particles so dis- 
persed that they can settle independently of one 
another under the influence of gravity. Originally 
all particle sizes are uniformly distributed through- 
out the suspension. All particles start immediately 
to settle towards the bottom at rates determined by 
their size, shape, and density—among other factors. 

E. J. ROBERTS and E. B. FITCH are, respectively, Director of 
Research and Development and Research Director, Dorr-Oliver Inc. 

TP 4353B. Manuscript, June 28, 1955. New York Meeting, Febru- 
ary 1956. 
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Particles reaching the bottom settle out of suspen- 
sion. After some given time the slurry above the 
deposited solids is siphoned off or otherwise re- 
moved, leaving the deposited solids behind. The 
deposited solids, together with entrained and any 
unremoved supernatant slurry, represent the under- 
flow of a classifier. The slurry removed represents 
the overflow. 

There is a certain separation size of particle which 
during the sedimentation has just time to settle 
from the top surface of the slurry to the level at 
which underflow and overflow are parted. All par- 
ticles with a faster settling rate will have dropped 
to below this level, no matter where in the beaker 
they started from originally, and therefore will be 
absent from the overflow. Particles with a slower 
settling rate will not reach this level if they started 
from the top of the slurry, but a portion of them, 
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Fig. 1—Example of screen analysis plot of feed. 


starting lower in the beaker, will reach the under- 
flow fraction in the time allowed. Since the distance 
settled in a given sedimentation time by any group 
of particles having identical settling rates is directly 
proportional to their settling rate, and since they 
are originally uniformly dispersed throughout the 
suspension, it follows that the fraction of any group 
capable of settling into the underflow is numerically: 


(settling rate of particle group in question) 


[1] 


(settling rate of “‘separation” particles) 
where 


F = fraction of undersize particle group which 
settles into underflow. 


In addition to particles that travelled into the 
underflow fraction by settling, there is a certain 
amount of slurry that occupied the underflow space 
originally. A part of this will be displaced by the 
settling solids, but some also will remain to fill the 
void spaces between the settled solids. This void- 
filling carries into the underflow a certain amount of 
unclassified feed solids. 

Underflow from a batch settling pool, then, com- 
prises three different classes of particles: 1) the 
oversize, or particles having settling rates sufficient 
so that all are collected in the underflow; 2) critical 
sizes or undersize particles of which part settle into 
the underflow; and 3) the void-filling, or material 
which arrived in the underflow not by settling, but 
by flowing there as part of the original feed slurry. 

It will now be apparent that the underflow from 
the batch settling pool described above will not cut 
off sharply below the separation size, but must con- 
tain at least some particles of every settling rate 
present in the original feed. The overflow, on the 
other hand, would be free of particles that are over- 
size as judged by their settling rate. 

Classification products, however, are not judged 
by their settling rates. They are judged by screen 
analyses. If the particles were all spheres of uni- 
form density there would be no discrepancy, but 
particles of nonuniform density or shape will be 
sorted differently by a screen than by a sedimenta- 
tion process. 

It is obvious that particles of greater density will 
settle faster, size and shape being identical. When 
comparing an assembly of objects of nonuniform 
shape, however, the exact meaning of size has been 
shown equivocal.” There is no reason why classifi- 
cation according to settling rate of uniform density 
particles may not be at least as good a classification 
according to size as screen separation, especially if 
the size classification is judged on the basis of the 
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process purpose it serves. Screen analysis has never- 
theless been accepted, perhaps tacitly, as an arbi- 
trary standard of particle sizing. A group of par- 
ticles having identical settling rates and density but 
of nonuniform shape will include a more or less 
narrow band of sizes if judged by screen analysis. 
Therefore even perfect classification according to 
settling rate would constitute something different 
from perfectly sharp classification on the basis of 
screen analysis. This discrepancy contributes to the 
lack of sharpness apparent in settling pool classifi- 
cation. 

Continuous Settling Pools Produce Same Separa- 
tion as Batch Pools: The same mechanisms described 
for batch pools apply also to continuous ones. This 
is obvious if a somewhat idealized continuous set- 
tling pool or desliming pond as sometimes presented 
in textbooks is considered. Feed slurry is considered 
to enter one side of such a pond and to flow uni- 
formly across it. Any cylindrical element of feed 
pulp extending from top to bottom of the pond may 
now be considered as it traverses the pond. The 
element may be treated as a little batch pool. It is 
formed at the input side of the pond from feed 
slurry with uniformly dispersed solids. Particles 
settle during the time it is traversing the pond, and 
the overflow fraction is separated off at the output 
side of the pond. The classification produced would 
be identical to that obtained in a batch pool. 

It is not so obvious that practical classifiers should 
give the same results as the idealized pond described 
above. In actual classifiers the idealized flow pattern 
does not necessarily exit. Infeed turbulence and 
that produced by the solids-raking mechanism 
would be expected to cause eddying and mixing of 
elements. Also it is not immediately apparent why 
some elements should not reach the overflow by a 
path that is in effect shorter than that taken by 
others, so that classification would take place at 
different sizes in different elements. There is, for- 
tunately, a self-stabilizing effect which works to 
minimize mixing and short-circuiting. 

Classification Stabilized by Specific Gravity Strat- 
ification: During the settling period a pulp density 
gradient develops in any batch pool or element. The 
pulp at the top, being soonest depleted of any given 
size of particles, will have at any time a lower per- 
centage of solids and thus a lower specific gravity 
than pulp lower in the pool. This is the basis for 
several of the sedimentation methods for particle 
size analysis. Hydraulically a pulp tends to act 
much like a homogeneous fluid, and a lighter fluid 
tends hydrostatically to remain always in a stratum 
above a heavier fluid. A significant amount of en- 
ergy would have.to be added to the system to lift 
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Fig. 2—Example of screen analysis plot of product. 
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the higher gravity layers and remix them with the 
supernatant lighter ones. Furthermore, if any dis- 
turbance short of an intimate mixing is introduced, 
gravity and the density differentiation will tend to 
return the system subsequent to its predisturbance 
condition. Thus, practically, a pool in which a sig- 
nificant density differentiation and stratification has 
developed will withstand an astonishing amount of 
disturbance before the sharpness of classification is 
noticeably affected. 

In a continuous pool also there is a density strati- 
fication from top to bottom. At the very bottom of 
commercial units, such as raking classifiers, there 
is settled material of high percent solids and low 
mobility which the rakes push up the deck. Above 
this the pulp density ordinarily drops off quite 
rapidly. 


Table I. Screen Analysis of Feed to Classifier. Illustrative Problem 
Calculated on Page 116 


Cumulative 


Mesh (Tyler) Percent Plus 


28 13.7 
35 24.0 
48 42.3 
65 56.5 
100 67.2 
150 73.3 
200 77.9 


The incoming feed, having a pulp specific gravity 
substantially higher than that of the overflow pulp 
layer at the surface of the pool, plunges immediately 
below it and spreads out at its level of hydrostatic 
equilibrium just above the settled solids, or above 
higher density layers if these exist. While it is 
spreading out horizontally classification takes place. 
Solids plus any entrained feed pulp destined for the 
underfiow drop out. The residual pulp, now light- 
ened through loss of underflow solids, is displaced 
upward by the continuing invasion of new feed pulp. 

The rate of upward displacement of the overflow 
fraction is enough to carry upwards to the overflow 
and thus out of the classifier all undersize particles 
remaining in the pulp after the classification. This 
follows from the area principle described in text- 
books.* The same principle teaches that the thick- 
ness of the strata in which the feed moves with a 
horizontal component does not affect the size at 
which classification is made. 

If there were any lack of uniformity in the classi- 
fication, the overflow fraction from elements having 
a finer classification point would be of lower percent 
solids than that from others and would hence be 


Notations Used in This Article 


D = dilution of feed pulp = 
(100—pct solids in feed) 


(pet solids in feed) 


diameter of particle. 

fraction of undersize band that settles out of 

suspension. 

m= particle size in microns at which mineral 
classification takes place in a heterogeneous 
pulp. 

@= grams of solids remaining in suspension 
after sedimentation on pulp containing 100 g 
of feed solids. Total of column 11, Table II. 

s = particle size in microns at which classifica- 
tion takes place in homogeneous pulps, or at 
which gangue classification takes place in 
heterogeneous pulps. 

U = grams of solids in total underflow resulting 
from classification of 100 g of feed solids. 

V = volume dilution of underflow = 

volume of underflow liquid 


d = 


volume of underflow solids 
v = settling velocity of particles. 
W = grams of solids which settle out of suspen- 
sion out of 100 g feed solids = total of 
column 6, Table II. 
density of solids. 


p density of liquid. 


lower in specific gravity. Since lower gravity pulps 
tend always to stratify above higher gravity ones, 
the lower gravity elements would be displaced up- 
wards preferentially, decreasing the effective sedi- 
mentation time for successive elements following 
the same path, thus coarsening their separation and 
correcting the nonuniformity. 

Classification in settling pools, then, is stabilized 
and made uniform through the effects of specific 
gravity differentiation and stratification. Unless 
agitation is excessive or improperly appled, the 
classification result will be very nearly the same as 
that obtained in batch pools, and may be calculated 
on the basis of the batch model. 

Calculations of Separation Sharpness—Uniform 
Density Solids: Classification calculations for dis- 
persed solids of uniform density are considerably 
simpler than those for solids containing a mixture 
of materials. Therefore they will be presented first. 

In principle, the calculations consist of analyzing 
mathematically some specified quantity of feed sol- 
ids into a series of size bands or partials, each of 
which covers a limited range of the particle sizes 


Table II. Analysis of Classifier Operation. Illustrative Example Set Up on Classification Calculation Sheet 


1 2 3 4 5 6 q 8 9 10 11 12 13 
Feed Rake Product Calculated Overflow Calculated 
Grams Total 
i Grams Over- Grams 
Cumu- Grams Settled flow Rake Indi- Cumulative, Indi- Cumulative, 
Band Diam; ~ lative, Pet in Band F (4x5) in Voids (64%) vidual, Pet Pet Grams vidual, Pct Pet 
1.000s 347 33.8 33.8 33.2 0.2 33.4 50.3 5 
0.707s 245 50.1 16.3 0.78 12.7 0.9 13.6 20.4 TO 3.6 ee oe 
0.500s 173 62.4 12.3 0.47 5.8 1.6 7.4 tal 81.8 6.5 
0.353s 123 70.4 8.0 0.28 2.2 15, etiil 5:5 87.3 5.8 30 aoe 
0.25s 87 (be 5.3 0.17 0.9 Tih 2.0 3.0 90.3 4.4 oe £64 
0.18s 62 79.2 3.5 0.09 0.3 0.8 92.0 
0.13s 44 81.9 27 0.05 0.1 0.7 0.8 1.2 93.2 2.6 oe ‘ 
Passing 18.1 0.0 4.5 4.5 6.8 18.1 40.4 
Totals 55.2 11.3 66.5 44.8 
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present. Average settling rate of particles in each 
band relative to that of the separation size, s, is esti- 
mated on the basis of settling laws or particle dy- 
namics. This determines the fraction of each size 
band which would settle out (Eq. 1) and hence 
permits calculation of the actual quantity of each 
partial which would settle from the specified quan- 
tity of feed slurry solids. 

In accord with the batch model discussed above, 
the void-filling would be taken into account by 
calculating addition of enough more unclassified 
feed slurry to the settled solids to give the expected 
dilution to the underflow product. In practice it is 
mathematically convenient to calculate instead the 
addition of an appropriate amount of overflow slurry 
to the settled solids. As carried out the calculations 
are equivalent, since adding a certain amount of 
overflow slurry to the settled solids would give the 
same results as first mixing this amount of overflow 
slurry with enough of the settled solids to reconsti- 
tute feed slurry, and then adding this feed slurry to 
the residual solids. 

From the quantity of settled solids plus void- 
filling solids determined for each size band, the 
underflow composition can be calculated. The over- 
flow composition can be calculated from the amount 
of solids not settling out in each band. 


An Example of Detailed Calculation Procedure 


Problem: A slurry of solids having a screen analysis as given in Table 
| is to be classified at a diameter of separation, s, of 3474 in a rake 
classifier. Specific gravity of the solids is 2.65, and they are suspended in 
water at 52.0 pct solids. It is desired to calculate the screen analyses of 
the products. 


Procedure: 100 g of feed solids are used as a basis. 

1) Plot screen analysis—particle diameter (screen opening) in microns 
ys cumulative percent plus the diameter, as shown in Fig. 1. This permits 
choosing the proper size range bands for the calculations. A standard !og- 
probability plot as shown in Fig. 1 displays normal screen analysis data 
conveniently. 


2) Using a layout as shown in Table II, fill in column 1 with the rela- 
tive size band boundary sizes as shown. Particles finer than the separation 
size are divided into a series of six adjacent size band boundary sizes, each 


having a lower size limit which is \/14 times the upper size limit. A seventh 
band includes all material finer than the sixth. 


3) Fill in column 2 by writing the separation size, s, (347 in the exam- 
ple) on the first line, and on the following lines the micron sizes obtained 
by multiplying s times the fractional numbers in the first column. This 
determines the actual size boundaries of the size bands. 


4) Fill in column 3 with the cumulative percent plus the micron sizes 
shown in column 2, obtaining this data from the screen analysis plot shown 
in Fig. 1. 


5) Fill in column 4 by seducting from each figure in column 3 the one 
immediately above it. This piss the percent of the total feed solids con- 
tained in each of the size bands. Since 100 g of solids were used as a 
basis, it is equal to the actual grams of solids in each size band. 


6) Insert factors F in column 5, obtaining these from the most nearly 
appropriate column in Table III or Table ty, as indicated by captions 
accompanying those tables. (The column for 417-« separation, Table III, 
in the example.) The factors, F, are the fractions of the given size bands 
which may be expected to settle into the underflow. The derivation of 
these factors will be discussed in a subsequent section of the report. 


7) Fill in column 6 by multiplying the figures in column 4 by the cor- 
responding figures in column 5, excepting the first line (the plus s fraction). 
To fill in the first space in column 6, deduct 0.6 g from the corresponding 
figure in column 4. 

The operation multiplies the grams solids in each size band times the 
fraction of the solids that settle, thus giving the grams that settle. The 
deduction of 0.6 g from the oversize, which according to the model should 
all settle, is an empirical correction. It takes care approximately of the 
particle shape variation and of whatever deviation does exist between batch 
and continuous operation. In calculating batch classification, 0.3 g would 
be subtracted rather than the 0.6 g specified above. 


8) Sum up the figures in column 6. This gives W, the total grams of 
solids that settle per 100 g of original feed. 


9) Fill in column 11 by deducting the figures in column 6 from those 
in column 4. This gives the grams of solids in each size band which do not 
settle but remain in suspension to form the gross overflow. 


10) Sum up the figures in column 11. This gives Q, the total grams of 
solids in the gross overflow per 100 g of feed solids. 
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11) Use the data in column 11 to calculate the size analysis, on aa 
vidual and cumulative basis, of the overflow and fill in columns 12 and 
respectively. 


12) Calculate the fraction of gross overflow solids (column 11) that go 
to the underflow as void-filling by the formula: 


WwW 
1006 D (2] 
Vp 


Fraction of gross overflow to voids = 


In the example W = 55.2, 6 = 2.65, p = 1.00, D = 0.923, V = 0.93, and 
Q = 44.8. Hence fraction to voids 


55.2 
= = 
92.3 x 2.65 
— 44.8 


0.93 


If V is unknown, estimate from Table VII. : ; ; 

Fill in column 7 by multiplying the corresponcing figures in column 11 
by the fraction of gross overflow to voids as calculated above. This gives 
the grams of void-filling solids that join the settled solids in each size band 
to constitute classifier underflow. 


13) Fill in column 8 by adding the figures in column 7 to those in 
column 6. This gives the total grams of solids in each size band going to 
the classifier underflow. 


14) Use the data of column 8 to calculate the size analyses on indi- 
vidual and cumulative percent basis of the underflow or rake product, and 
fill in columns 9 and 10 respectively. 


15) Plot the cumulative size analyses from columns 10 and 13 as shown 
in Fig. 2. This permits converting size analyses to standard screen analyses, 
which can be read from the plots. 


16) Calculate percent solids in overflow. 


100 (Q) 
Percent solids in overflow = ——————_ [3] 
100D + Q 
100 x 44.8 
= (example) = 32.7 pct 


(92.3) + (44.8) 


The classification calculated by way of example 
was actually being carried out in a 6 x 23-ft long 
DSF Dorr classifier operating at 19 strokes per min. 
Weir depth was 40 in. and the slope 2% in. per ft. 


Table III. Settling Factors* for Normal Conditions 


Size Range of Mesh 28 35 48 65 100 150 200 
Undersize,*¥ Diam, 0.589 0.417 0.295 0.208 0.147 0.104 0.074 
Diam Fraction Mm 


—1.000+ 0.707 0.780 0.780 0.780 0.780 0.780 0.750 0.722 
—0.707 + 0.500 0.465 0.465 0.465 0.465 0.450 0.380 0.361 
—0.500 + 0.353 0.275 0.275 0.275 0.268 0.226 0.190 0.181 
— 0.353 + 0.25 0.165 0.165 0.158 0.134 0.113 0.095 0.091 
—0.25 +0.18 0.098 0.094 0.079 0.067 0.056 0.048 0.046 
—0.18 +0.13 0.056 0.047 0.040 0.033 0.028 0.024 0.023 


* Each factor expresses the number of grams of material, in the 
size range shown in the first column, which settle out of lg of 
material of the same size range originally present in the feed. 

j Figures in this column are size ranges, expressed as fractions of 
the diameter at which the separation is made, of the various por- 
tions of the undersize. 


Table V shows the comparison between the calcu- 
lated results and the actual plant operating data. 
Table VI shows. the comparison between plant or 
observed data and calculated results for a number 
of operations. Agreement generally is close. 


Table IV. Settling Factors* for Sand Work, Slime-Free Pulps, and 
High Dilution 


Size Range of Mesh 28 35 48 65 100 150 200 
Undersize,t Diam, 0.589 0.417 0.295 0.208 0.147 0.104 0.074 
Diam Fraction Mm 


— 1.000 + 0.707 OLS2 0.825 0:80 ONS 
— 0.707 + 0.500 0.56 055 0.51 048 043 0.38 0.36 
— 0.500 + 0.353 0.37 O35 030 0.26 022 0.19 0.18 
— 0.353 + 0.25 0.23 021 0.16 0.13 0.11 0.095 0.091 
—0.25 40.18 0.14 0.11 0.085 0.067 0.055 0.050 0.046 
—0.18 +0.13 0.074 0.057 0.045 0.035 0.028 0.025 0.023 


* +See corresponding footnotes in Table III. 
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' Effect of Thickening: In the preceding calculation 
it has been assumed that the solids are fully dis- 
persed and hence have no tendency to cohere into 
a structure that locks particles of different sizes 
together. Where such a structure is formed, the 


Table Y. Comparison of Calculated Results with Operating Results. 
Example Problem 


Screen 
Analysis Rake 


Screen 
Analysis Overflow 


Screen Analysis Feed Calculated Observed Calculated Observed 


Mesh (Tyler) 
28 20.6 20.5 
35 24.0 35.9 35.8 0.25 0.3 
48 42.3 61.0 61.6 3.9 3.8 
65 56.5 77.0 76.7 16.0 16.2 
100 67.2 85.0 85.2 31.0 Siig 
150 (ers) 88.8 89.0 41.8 42.0 
200 717.9 91.2 91.6 50.2 50.5 
Solids, Pet 52.0 74.0 S2e7 32.6 
Weights 100 66.5 66.7 33.5 33.3 


solids are constrained to settle at identical rates. 
They merely thicken on settling, rather than classi- 
fying or hydroseparating. 

In most metallurgical pulps at low dilution the 
solids cohere and hence form a nonsegregating or 


Table VI. Comparison of Calculated and Observed Resu!ts 
Screen Analyses, Percent Plus Mesh 


Case I Gold Ore Raking Classifier 3 Ft wide 
x 18 Ft 4 In. Long 
Rake Product Overflow 
Mesh Observed Calculated Observed Calculated 
+35 48.0 48 0.46 0.2 
+48 66.8 67.0 3.0 2.6 
+65 79.6 79.5 11.4 12.1 
+100 86.6 86.5 26.0 26.0 
+150 90.0 90.0 37.8 37.3 
+200 92.2 92.2 49.3 47.4 
Total feed 
solids, pct 12.7 72.8 
Case II Copper Ore Raking Classifier 8 Ft Wide 
x 32 Ft Long 
Rake Product Overflow 
Mesh Observed Calculated Observed Calculated 
+100 76.9 77.5 3.0 Boek 
+150 88.5 89.8 16.5 16.0 
+200 94.0 94.5 31.0 31.0 
Total feed 
solids, pct 77.9 76.8 22.1 23.2 
Solids, pct 75.0 — 13.9 14.3 
Case III Gold Ore Experimental Batch Settling 
and Decantation 
Rake Product Overflow 
Micron Size Observed Calculated Observed Calculated 
+525 5.4 4 0.7 0.7 
+371 70.5 69.8 5.8 6.7 
+263 81.0 80.1 19.0 20.8 
+185 87.6 86.7 36.2 37.2 
+131 91.2 90.9 51.2 51.1 
+95 93.2 93.0 60.0 60.1 
Case IV Gold Ore Spiral Classifier, 60 In. 
Rake Product Overflow 
Mesh : Observed Calculated Observed Calculated 
35 31.6 33 0.1 
48 54.1 54 1-3) 
65 72.5 74 9.4 9 
100 83.6 83.5 21.2 22 
150 88.4 89 35.4 35 
200 91.5 92 46.9 46 
Total feed 
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thickening structure. As the pulp is made more 
dilute, however, the strength of this cohesion is 
lessened. Larger, heavier particles are then able to 
break through the plastic structure of the pulp and 
settle independently, even though the forces of co- 
hesion among the particles may still be great enough 
to constrain the smaller ones. 

If classification is to take place, it will be obvious 
that the pulp must be dilute enough, or otherwise 
conditioned, so that at least oversize particles can 
segregate or settle independently through the pulp. 


Table VII. Approximate Normal Volume Dilution of Classifier Rake 
Products 


1. Raking Classifiers: Solids Raked Up Sloping Deck 
V = Volume 


Mesh of Separation Dilution of Underfiow 


28 0.67 to 0.75 
35 0.75 to 0.9 
48 0.85 to 0.93 
65 
100 0.93 
150 0.98 
200 1.03 


2. Hydroseparators: Spigot Discharge of Machine 


All separations 1.5 to 4.0 


Practically, the pulp is usually diluted so that even 
particles much finer than the mesh of separation are 
released also. In many cases, however, the extreme 
fines thicken in the classification pool, leaving a 
supernatant that is essentially clear water, rather 
than a suspension graded with respect to particle 
size as described for the ideal case. In such cases the 
void-filling will consist of thickened pulp, and hence 
the underflow product will be somewhat dirtier than 
calculated. 


Settling Factors 


The settling factors given for the various size 
bands in Table III have proved themselves reason- 
ably valid for ordinary slimy metallurgical pulps. 
They were calculated from the following relation- 
ships: 

For 200 mesh and finer, in a given pulp, 


v « (Stokes’ relationship) 
from whence it follows 
v 
F,= ( ) [4] 


The mean particle size in any size band was as- 
sumed to have the average settling rate for the band. 


Thus for the band between s and a: (S070). 
\/ 2 


the mean size or d, is 0.85. The value of F, for this 
band is therefore 


0:35: 


For coarser than 200 mesh particles, the settling 
factors of Table III were calculated from the ap- 
proximate relationship v « d**. Actually this latter 
formula does not give the theoretically true rela- 
tionship for free settling spheres, but the factors 
thus calculated have been validated for ordinary 
slimy ores through innumerable calculations. There- 
fore they are considered more accurate under the 
conditions existing in an ordinary slimy metallur- 
gical pulp than factors calculated on the basis of 
free settling spheres. 
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Factors calculated from the correct free settling 
velocities of quartz spheres in water, as determined 
by Dorr and Roberts,* are given in Table IV. These 
are recommended for use with slime-free pulps. 

Practically, the factors given in Table III and IV 
may be used directly for all normal metallurgical 
solids without serious error. Strictly speaking, each 
column of factors is valid only for solids of 2.65 
sp gr. For theoretically precise work, new factors 
should be calculated for solids having densities 
substantially different from 2.65, on the basis of 
the Reynolds Number range on which they are 
settling. 


Separation Sharpness—Heterogenous Pulps 

In most classification problems the solids are 
either of uniform density or of a uniform density 
gangue with a relatively small fraction of heavier 
mineral having negligible effect on the screen 
analysis of the products. At times, however, it be- 
comes desirable to calculate the classification to be 
expected in pulps containing two or more different 
kinds of solids of different densities. This can be 
done following the principles outlined, making a 
separate calculation for each density class. The 
procedure will not be described in detail but will 
be outlined for the case of a pulp containing a sub- 
stantial amount of heavy mineral accompanied by 
a lighter gangue. 

First, the distribution of mineral and gangue in each screen partial must 
be determined. Next make an analysis graph in which particle diameter 
(screen opening) is plotted against the cumulative grams of gangue coarser 
than this diameter which would be present in 100 g of total feed solids 
(gangue plus mineral). On the same graph make a similar plot for the 
mineral. The sum of these two curves at any mesh gives the total percent 
solids plus the mesh. These plots make it possible to determine the number 
of grams of gangue and of mineral in any size band which would be 
present in 100 g of total solids. 

Choose a separation size, s, for the gangue. Estimate the size of mineral 


particles, m, settling at the same rate on the basis of settling ratio as 
described in such text books as Taggart’s.? 


Make separate layout sheets such as shown in Table II for gangue and 
for mineral, the gangue being calculated for the gangue separation s and 
the mineral for a separation at m. Proceed as for two separate homogeneous 
pulps except as noted below: 

1) The cumulative grams plus any given size per 100 g total feed solids 
(column 3) is read for each material from the respective plots on the 
analysis graph described above. 

Note that the total of column 4 on the gangue sheet equals the percent 
gangue in the feed solids; the total of column 4 on the mineral sheet equals 
the percent mineral in the feed solids. 

2) To fill in the first spaces in column 6 (step 7) deduct a propor- 
tionate share of the 0.6 g correction in each sheet. That is, for the 


(percent gangue in feed) 


100 


For the mineral sheet 


gangue sheet deduct (0.6) 


(percent mineral in feed) 
100 
3) All percentages (columns 9, 10, 12, 13) are based on combined 
total weights for both sheets (gangue + mineral). Thus the figures in 
column 12 are obtained by multiplying corresponding figures in column 11 


100 


deduct (0.6) 


by the factor The figures in column 9 are obtained 


Qmineral + Qgangue 


by mutiplying the corresponding figures in column 8 by the factor 
100 


Umineral + Ugangue 

Note that the total of column 12 on the gangue sheet equals the per- 
cent gangue in the overflow solids; the sum of column 12 on the min- 
eral sheet equals the percent mineral in the overflow solids. Likewise the 
total of column 9 on the gangue sheet equals the percent gangue in the 
underflow and that on the mineral sheet the percent mineral in the under- 
flow, where U = total of column 8 and Q = total of column 11. 

4) The void-solids are calculated as follows (step 12, Eq. 5): 


Fraction of gross overflow to void 
gangue W mineral 
= + [5] 
gangue mineral 


100D (2 gangue Q 


Vo mineral 


gangue 


5) Plot the cumulative percent plus vs size of mesh for both overflow 
gangue and overflow mineral (column 13). (This corresponds to step 15.) 
Plot the sum of the percents plus for the two curves to obtain completed 
screen analysis of overflow solids. Do the same for the underflow analyses 
(column 10). 


6) Overflow percent solids (step 12, Eq. 6). 
100 (Qmineral + Qzangue) 


Percent solids overflow = [6] 
100 D + Qmineral + Qgangue 


Part Il. A Method for 


Calculating Countercurrent Classification 


As shown in Part I, the sharpness of classification 
which can be produced in any simple sedimenta- 
tion-type classifier is limited. The underflow al- 
ways contains a certain fraction of the fines orig- 
inally present in the feed. These fines arrive in the 
underflow both by partial settling out of critical- 
sized material and by entrainment of overflow 
pulps as void-filling in the underflow. 

Overall separations can be sharpened by repulp- 
ing the underflow in clean water and reclassifying. 
Repeated reclassification of underflow in clean 
water theoretically will serve to sharpen the overall 
separation to the maximum possible by hydraulic 
means, and this fact is utilized in the decantation 
methods of size analysis. 

Repeated repulping of underflow in clean water 
for reclassification through a series of machines has 
the disadvantage of requiring a lot of clean water. 
The combined, fine-bearing overflow slurry will 
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then often be excessively dilute. This particular dis- 
advantage can be largely overcome, while sharp- 
ened separation is still obtained, through feedback 
of the classifier overflows from stage to stage in a 
countercurrent decantation sequence. A method for 
calculating the products to be expected theoreti- 
cally from countercurrent classification in a series 
of sedimentation-type units is presented in this 
memorandum. The calculated and observed results 
cannot be expected to correspond as closely as they 
do for single-stage classification. First, errors in 
estimation of settling rates may be cumulative 
through a countercurrent sequence of several clas- 
sifications. Second, the sharper the overall classi- 
fication produced, the more apparent and disturbing 
the effects of nonuniformities in particle shape or 
density will be. However, the calculations should 
serve to show approximately what might be ex- 
pected from countercurrent classification. 
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Calculations are carried out on the following 
principle: A specified quantity (100 g) of feed 
solids is analyzed mathematically into a series of 


Table VIII. Values of M when S — 0.2 


Bana Relative Size R Mi Me Ms 
1 —1, + 0.841 0.139 0.878 0.865 0.861 
2 — 0.841, +0.707 0.47 0.679 0.591 0.557 
3 —0.707, +0.597 0.86 0.539 0.385 0.309 
4 —0.597, +0.500 1.28 0.44 0.255 0.166 
—0.500, + 0.422 0.352 0.179 0.091 
6 —0.422, +0.354 2.12 0.32 0.132 0.058 
— 0.354, + 0.298 2.51 0.285 0.102 0.039 
8 —0.298, + 0.25 2.85 0.260 0.083 0.029 
9 —0.25, +0.21 Sus 0.242 0.073 0.023 

10 —0.21, +0.177 3.30: 0.230 0.064 0.019 
11 —0.177, + 0.149 0.222 0.060 0.017 
12 —0.149, +0.125 3.65 0.215 0.056 0.015 
13 —0.125, +0 3.85 0.206 0.051 0.013 


adjacent particle-size bands or partials. A material 
balance is made for each of these partials through 
the countercurrent classification flowsheet to be cal- 
culated. This permits determination of the amount 
of each partial which appears in the underflow from 
the final classifier in the series, and the amount 
carried in the overflow from the system. The screen 
analyses of final underflow and ultimate overflow 
solids can then be constructed. 


Table IX. Values of M when S = 0.3 


Band Relative Size R Mi M2 Mz 
ik —1, + 0.841 0.118 0.894 0.883 0.882 
2 — 0.841, +0.707 0.39 0.720 0.65 0.625 
3 —0.707, +0.597 0.69 0.597 0.467 0.406 
4 —0.597, +0.500 0.96 0.51 0.347 0.266 
—0.500, + 0.422 1.23 0.448 0.268 0.179 
6 —0.422, + 0.354 1.47 0.405 0.216 0.128 
Lr — 0.354, +0.298 1.75 0.364 0.173 0.090 
8 — 0.298, + 0.25 1.84 0.352 0.160 0.080 
9 —0.25, +0.21 1.97 0.337 0.146 0.069 

10 —0.21, +0.177 2.06 0.327 0.137 0.066 
leh —0.177, +0.149 223 0.319 0.130 0.058 
ity) —0.149, +0.125 2.19 0.313 0.125 0.054 
13 —0.125, +0 2:3 0.303 0.116 0.048 


Distribution of each partial in the countercurrent 
classification series may be solved by the x method 
of material balance, illustrated in Fig. 3. To carry 
out such a calculation, it is necessary to know in 
each stage, for each class or size-range of particles, 
the corresponding value of R, which is defined as 
the fraction of the class reporting to the classifier 
overflow, divided by the fraction of the class report- 
ing to the classifier underflow. The value of R is 
derived as follows: 

In any stage of sedimentation classification the 
amount of any given size band that appears in the 
underflow is 

B=F4- (1—F)S 


where B = fraction of size band in underflow; F = 
settling factor, or fraction of size band settling into 
underflow; S = fraction of feed water to underflow 
(= fraction of gross overflow to underflow). 
Fraction to overflow = 1—B. 


Therefore: 
(Fraction to overflow ) 
(Fraction to underflow ) B 
1 [7] 
(F + S— SF) 


The settling factor, F, for each partial is found as 
described in Part I, and S for each stage may be de- 
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Calculation of Countercurrent 
Classification Overall Factors 


by X Method 


x = quantity (unknown) of solids within the 
specified size range appearing in the underflow 
from stage n. 

Fraction of these solids to overflow in stage n 


Fraction of these solids to underflow in stage n 


The quantity of solids fed into any stage n from 
a preceding stage n-1 is equal to [(R,) (solids 
in underflow from stage n) + x]. 
Solving progressively from final stage, 

and 1/L = fraction of solids originally advancing 
into stage (n — 2), which finally appear in 
underflow from final stage (n) = overall factor, 
M;, for three stage countercurrent classification. 


termined from a water balance. The appropriate 
values for R can then be calculated, and the dis- 
tribution of each partial solved by the x method. 
Usually it will be necessary first to use a tentative 
or trial water balance to obtain approximate values 
of S and thence of R. After then completing an ap- 
proximate balance of all classes of solids, a more 
accurate or second approximate water balance can 
be made and the distributions recalculated. By 
successive approximations, the desired degree of 
accuracy can be attained. 

In almost all real systems, the value of S and 
hence of R for any partial will be different in differ- 
ent stages. However, some idea of the effectiveness 
and characteristics of simple countercurrent classi- 
fication can be obtained from considerations of hy- 
pothetical systems in which the value for R remains 
constant in all stages. 

First there is a limitation to the effectiveness of 
simple countercurrent decantation for classification. 

Where the value of R remains constant through a 
series of countercurrent stages, the fraction of any 


| Lx UNITS SOLIDS 


OVERFLOW 
R(n-2) CX UNITS SOLIDS 


CLASSIFIER 
STAGE (n-2) 


UNDERFLOW 
Kx UNITS SOLIDS 


CLASSIFIER 


\_ OVERFLOW 
R(n-1) BX UNITS SOLIDS STAGE(N~) 
UNDERFLOW 
Jx UNITS SOLIDS 
WASH WATER 
CLASSIFIER OVERFLOW y, 
STAGE n Rpx UNITS SOLIDS 
UNDERFLOW 
x UNITS SOLIDS 
Fig. 3—IIlustration of the X method of material balance. 
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feed partial appearing in the final underflow, M, can 
be shown to be 
[8] 


Where R is less than 1, and n> o, the value of M 
approaches as an asymptote 


M->1—R where R < 1 


n> © 


Therefore no matter how many stages of simple 
countercurrent classification are used, the overall 
factor for any partial for which R is less than 1 will 
approach 1 R as an asymptote. Elimination of 
such partials cannot be improved indefinitely. 
Tables VIII and IX show the fraction M of speci- 
fied size bands which would appear on the final 
underflow of countercurrent classification series of 
one, two, and three stages (one stage is obviously 
simple classification), for solids settling according 
to Stokes’ law (to determine settling factors) and 
for specified values of S (which is taken as constant 
for all stages). The upper boundary of each band is 


\/2 coarser than the lower boundary rather than \/2 
as used in the example of Part 1. Narrower bands 
are used in the present calculations in order to 
follow more precisely the sharper classifications ex- 
pected. Thus it takes two of the bands here shown 
to make full critical. 

It is immediately apparent, in comparing the re- 
covery values M for one stage and three stages, that 
simple countercurrent classification is not remark- 
ably effective in improving elimination of the first 
critical (bands 1 and 2). After the value of R 
reaches unity (essentially at band 4) the improve- 
ment obtained by countercurrent classification be- 
comes substantial, and for finer particles the elim- 
inations become very high indeed. 


Compound Countercurrent Classification 


Elimination of the first few criticals can be in- 
creased spectacularly if the stages of countercurrent 
classifications are adjusted to progressively coarser 
meshes of separation. This is obtained at the expense 
of an increase in the internal circulating loads within 
the system, but if it is judiciously used the circu- 
lating loads need not become excessive, while the 
improvement in classification may be marked. 


Table X. Compound Countercurrent Classification for Two Stages* 


First Stage Second Stage 
Band M Load, Pct+ Load, Pett 
—2, + 1.68 1 114 114 
+1.41 1 147 147 
+1.19 1 186 186 
+1.00 1 228 228 
—1, +0.841 0.73 224 197 
+0.707 0.45 186 126 
+0.595 0.25 163 87 
+ 0.500 0.165 149 65 
+ 0.422 0.125 139 52 
+ 0.354 0.098 134 43 


* Second stage is two meshes coarser than first, S = 0.2. + Percent 
stage load is defined as the actual quantity of solids within any size 
band fed to a stage, divided by the quantity of such solids in the 
new feed to the system. 


Table X shows the overall recovery factors, M, 
for a two-stage countercurrent classification in which 
the second stage is set for a separation two meshes 
coarser than the primary stage. Here again it is as- 
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sumed that the water balance is so adjusted that the 
value of S for each stage is 0.2. It is also assumed 
that the particles settle according to Stokes’ law. 


Table XI. Stokes’ Law Values of F and R 


4 
2 Bands 
R 
Relative 
Band Size Range Average F S = 0.3 0.2 0.1 
1 1 to 0.841 0.921 0.848 0.118 0.139 0.159 
2 0.841 to 0.707 0.774 0.599 0.39 0.47 0.57 
3 0.707 to 0.595 0.651 0.424 0.68 0.86 1.07 
4 0.595 to 0.500 0.548 0.300 0.96 1.28 ua 
5 0.500 to 0.422 0.461 0.212 123 i UA 2.44 
6 0.422 to 0.354 0.387 0.150 1.47 2.12 3.26 
id 0.354 to 0.298 0.326 0.106 175 2.51 4.13 
8 0.298 to 0.25 0.274 0.075 1.84 2.95 4.96 
9 0.25 to 0.21 0.230 0.053 1.97 3:13 5.75 
10 0.21 to0.177 0.194 0.038 2.06 3.35 6.46 
11 0.177 to 0.149 0.163 0.027 2S aD 7.06 
12 0.149 to 0.125 0.137 0.019 2.19 3.65 7.54 
1s 0.125 to 0.0 0.063 0.004 2.3 3.85 8.65 


The assumed conditions might be met, for example, 
when making a 200-mesh separation in bow] classi- 
fier or hydroseparator. The example will demon- 
strate in a general way the nature of results that 
might be expected in any such system. Calculated 
elimination of the first system critical (first two 
bands below mesh of separation) averages 40 pct, 
while elimination of the second system critical 
(third and fourth bands below mesh of separation) 
averages 79 pct. This would not be considered poor 
in a hydroscillator. 

Table XI gives the Stokes’ law values for F and R. 


Table XII. Compound Countercurrent Classification for Three 


Stages* 
Second 
First Stage Stage Third Stage 
Band M Load, Pet Load, Pct Load, Pet 
—2, + 1.68 1 100 114 114 
+1.41 1 100 147 147 
+1.19 1 126 212 186 
+1.00 1 207 335 228 
—1, + 0.841 0.69 259 345 185 
+0.707 0.30 219 213 93 
+ 0.595 0.143 185 135 50 
+ 0.500 0.077 164 95 30 
+0.422 0.050 151 72 20 
+ 0.354 0.033 142 57 14 


* Second stage one mesh coarser than first. 


Third stage two 
meshes coarser than first. S=0.2. all stages. 


Table XII shows the overall recovery factors for 
a three-stage operation in which each stage makes 
a separation progressively one mesh coarser than 
the stage before it. Recirculation of partials near 
the mesh of separation is higher than for the two- 
stage operation. The recirculations are possibly not 
too high for certain applications, and the elimina- 
tions, at least as calculated, compare to those ob- 
tained in a sizer or sorting column classifier, 
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Fig. 1—The Nash Creek zinc-lead prospect was chosen as an 
experimental area for this study. 


Water analysis for traces of base metals became practical 
about eight years ago with the development of rapid chemical 
tests that could be carried out at the field site. Since that 
time it has been widely used in mineral reconnaissance. 


by H. E. Hawkes and Harold Bloom 


Se and rivers are the principal channels 
into which the weathering products of rocks and 
their contained ores are funneled. The inorganic 
load of a stream system is a crude sample of all the 
earth materials in the drainage basin of the stream, 
and the heavy mineral assemblage of sediments is 
one of the oldest and most successful guides to cer- 
tain kinds of bedrock ore in unexplored terrain. 
Early application of this method was made possible 
by the ease of separation and identification of heavy 
minerals in the field with the simplest equipment. 
Water analysis for traces of base metals became a 
practical possibility about eight years ago with the 
development of rapid chemical tests that could be 
carried out at the field site.” * Since that time the 
water method has been widely used in mineral re- 
connaissance, and a substantial number of discov- 
eries have been reported. Here again, the techniques 
developed for this work were relatively simple and 
could be performed easily at the field site. 
Sediment analysis by chemical methods, as dis- 
tinguished from mineralogical, has received less at- 
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tention. Some experimental work was done by 
Lovering and others,’ but to the authors’ knowledge, 
chemical analysis of sediment samples has not been 
used in routine exploration programs until very 
recently. In spite of the obvious promise of this 
method, it was not pursued vigorously because of 
the lack of a simple and portable chemical test that 
could be used conveniently at the field site or in a 
field camp. Procedures that had been developed for 
trace analysis of soils all called for a rigorous chemi- 
cal attack with hot acids—tests more conveniently 
applied in processing large volumes of routine soil 
samples at an established field headquarters. 

Recently an extremely rapid and simple test 
was developed by Bloom.*® The extractant used 
in this procedure is a cold solution of ammonium 
citrate. Elements measured are the heavy metals, 
principally zinc, lead, and copper. This method 
differs from the established procedures for 
soil analysis in that it measures only a small frac- 
tion, about 5 pct, of the total metal content of the 
sample. It has been found, however, that the signi- 
ficant pattern of metals in the sediments of streams 
below a base-metal deposit can be brought out as 
well and sometimes better by this simple cold- 
extraction procedure than by the more tedious 
methods requiring hot acids. 

To understand fully the significance of the rela- 
tion between the readily extractable and the total 
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(groups 1 and 2) commonly require a strong chemi- 
cal attack, such as alkali fluxes or hydrofluoric and 


perchloric acids; the secondary minerals (groups 3 
and 4) are commonly soluble in hot acids; metals 
held in living organisms and organic complexes 
(group 5) can be released by ashing or wet oxida- 
tion: and exchangeable ions (group 6), with the 
weakest bonds, will go into solution promptly on 

tment with neutral cold solutions of any one of 


Thus by modifying the extraction treatment, it is 
possible to get at least a qualitative idea of how a 
given chemical component is partitioned between 
the different kinds of material making up the sedi- 
ment. 


Analytical Procedures 


Exchangeable Metals: Exchangeable metal, for 
these purposes, is defined as that fraction of the 
total metal content of a clastic sample that can be 
put into aqueous solution by treatment with a cold 
dilute solution of ammonium citrate. The analytical 
procedure for determining the exchangeable metal 
content of soil or sediment samples is described in 
detail in an earlier paper by Bloom.* In essence the 
procedure is as follows: 1) For the base-camp lab- 
oratory, use a dry sample and sieve, discarding the 
coarse fraction; for use at the field site, collect a 
moist sample and remove pebbles and fragments of 
wood by hand. 2) Measure the dry or moist sample 
into a volumetric scoop of about 0.15-ce capacity 
and tap into a test tube. 3) Add 3 ml of an aqueous 
solution containing 5 pet ammonium citrate and 0.8 
pet hydroxylamine hydrochloride adjusted to a pH 
of 8.5. 4) To the same tube, add 1 ml of a 0.001 pct 
solution of dithizone (diphenylthiocarbazone) in 
xylene. 5) Shake tube vigorously for 5 sec, observ- 
ing the color of the dithizone solution that collects 
at the surface of the aqueous citrate solution. If the 
color is green, green-blue or blue, record 0, %, or 1 
ml, respectively. If the color is blue-purple to red, 
titrate with 1 ml or larger increments of dithizone 
solution, shaking for 3 sec after each addition, until 
a blue color is obtained. Record the volume of 
dithizone solution used, as an index of the heavy 
metal content. 

Calibration of these values shows that for zinc, 
commonly the most abundant of the heavy metals 
encountered, the conversion factor of milliliters of 
dithizone solution to micrograms (millionths of a 
gram) of metal is 0.34. Thus, if 10 ml of dithizone 
solution is required to reach the blue end point, the 
sample contains 3.4 mg of exchangeable metal ex- 
pressed as zinc. If the volume of the scoop is Known, 
the exchangeable metal content of the sample may 
be computed in absolute values as micrograms per 
cubic centimeter of sample (parts per million weight/ 
volume, or ppm w/v). Inasmuch as the bulk density 
of dried samples is commonly about 1, the value of 
parts per million weight/volume is a fair first ap- 
proximation of parts per million weight/weight. 

The exchangeable metal content of moist, un- 
sieved sediment samples is in general comparable 
with that in the same samples after systematic dry- 
ing and coarse sieving. This was shown in a study 
of a set of 46 samples representing both low and 
high contents of exchangeable metal. These samples 
were first analyzed as collected, and then dried, 
sieved to —12 mesh and reanalyzed. The median of 
the ratios of exchangeable metal content of the 
moist sample to that of the same sample after dry- 
ing and sieving was 1.20. 
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Total Metals: In the experiments described below, 
the total metal content of the sediment samples was 
determined by digestion with hot nitric acid for 1 
hr following a procedure described in detail by 
Bloom and Crowe.’ Attack by nitric acid will re- 
move the metal from virtually all components of the 
sediment except the primary resistant minerals and 
rock fragments. 

Metals in Water: Water analysis has a unique 
advantage over sediment analysis in that the com- 
ponent to be determined is already in solution. Thus 
errors due to inhomogeneities of sample and varia- 
tions in the rigor of the extraction procedure do not 
affect the precision of the data. In the field experi- 
ments described here, water was analyzed for traces 
of heavy metals by a method requiring most of the 
reagents used for the test for exchangeable metals 
in sediments. 


Test for Heavy Metals in Water 

Reagents: Water. This refers to metal-free water, 
usually obtained by passing water through a resin 
demineralizer. 

Dithizone 
grade. 

Dithizone in carbon tetrachloride, about 0.01 pct. 
This is used to purify the sodium acetate solution. 
Dissolve approximately 0.01 g of dithizone in 100 
ml of carbon tetrachloride a few hours before using. 

Dithizone in xylene, 0.001 pct, work solution. Pre- 
pare a work solution of 0.001 pct by diluting 10 ml 
of stock solution to 100 ml with xylene. 

Carbon tetrachloride, ACS grade. 

Xylene, ACS grade. The xylene is further puri- 
fied in the following manner: 500 ml of xylene are 
extracted with about 30 ml concentrated sulfuric 
acid by vigorously shaking for 1 min. Allow phases 
to separate completely and discard the acid. Add 
demineralized water to the xylene (ratio 1:10) and 
mix vigorously. Separate the xylene and distill in 
an all-pyrex still. 

Sodium acetate (anhydrous) solution 8 pct. (The 
hydrated form of this compound for some unknown 
reason produces a pH of 7.8 which is not satisfac- 
tory). Dissolve 40 g of anhydrous sodium acetate in 
500 ml water (pH 6.7). Remove heavy metals by 


(diphenylthiocarbazone) of reagent 
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extracting the solution with successive 20 ml por- 
tions of the carbon tetrachloride solution of dithi- 
zone until the dithizone is no longer red. Wash the 
aqueous solution with about 3 ml portions of carbon 
tetrachloride until the carbon tetrachloride is color- 
less, 

Apparatus: Necessary equipment consists of two 
wash bottles, polyethylene, 8-0z capacity; one glass- 
stoppered cylinder, pyrex, 50-ml capacity; four 
reagent bottles, pyrex or polyethylene, 16-0z capac- 
ity; and one graduated cylinder, 100-ml capacity. 

Procedure: Add the sample of water to the 40-ml 
mark of the glass-stoppered cylinder, followed by 
5 ml of sodium acetate solution. Add ten drops of 
0.001 pct dithizone in xylene from a wash bottle, 
cap the cylinder and shake vigorously for 20 sec. 
Observe droplets as they collect on the water sur- 
face. If purple or red, add ten more drops and shake 
only 10 sec. If a blue color is not obtained, repeat 
the latter step until it is obtained. This blue color 
is known as the end point. As an index of the heavy 
metal content, record the number of drops required 
to reach the end point. 

A chart for converting drops of dithizone solu- 
tion to parts per million heavy metal was con- 
structed by connecting the following three points 
as plotted on graph paper: 0 drops-0 ppm; 40 drops- 
0.0025 ppm; 150 drops-0.0125 ppm. In normal sur- 
face water, zinc is the only member of the heavy 
metal group present in significant quantities. 


Experimental Area 

What kind of sediment sample will show a chemi- 
cal pattern most indicative of mineralization and 
at the same time minimize the errors due to erratic 
distribution of metals? This question can be answered 
only by a study of the distribution of metals in 
stream sediments below an area of known mineral- 
ization, where the drainage has not been contam- 
inated by metal leached from mine workings and 
ore dumps. The experimental results will be easier 
to interpret if the patterns in such an area are not 
confused by more than one source of metal. In other 
words, the mineralized area should show a relatively 
sharp boundary with unmineralized terrain. 


ACTIVE SEDIMENTS 


-------- FLOODPLAIN SEDIMENTS 


—12 MESH FRACTION 


40- 
Fig. 3—Normal operating 5) 
errors where samples are 
taken without regard to O 204 
grain size and texture can be 5 
estimated by comparing the xt 
exchangeable metal content wee 
of contiguous samples of ac- oa 
tive sediment taken at 200- SITE 


ft intervals along the South 
Branch of Nash Creek be- 
tween sites 3 and 7 (solid 
lines in graph). The error in 
sampling floodplain sediments 
was estimated by comparing 
data on corresponding sam- 
ples of floodplain sediment 
(broken lines in graph). 


BACKGROUND 


15,000 FT 


TRANSACTIONS AIME 


NOVEMBER 1956, MINING ENGINEERING—1123 


a 
\ 
H 
Gin D ® 
NO. 
I 
ol 200 MESH FRACTION 
4 
i it , 
\ 
\ 
: 
” 
/ H 
0 5000 10.000 


was the Nash Creek 
south of the town 


everal miles 
no contam- 
ralized area 


and location of 
noted that 
known 
k, is rela- 
stream, 
t 6000 ft down- 
7m mineralized 
two branches 
ft below this 


tho Rran 
une HDran 


of both active 
i and of fiood- 
ctive channel 
the South 
from Fig. 2), above 
tide- 


} 
rVais along 


nstr as as 


Fig. 2 for the purpose 
distribution 
th tream sediments 
At selected sites in 
Creek prospect, suites 


aken for special pur- 


Table I. Active Sediments: Variation in Exchangeable Heavy Metal 
Content of Repeat Samples from Same Site (—12 Mesh Fraction) 


Exchsngeable Heavy Metal 


Material Site Ppm W/V* 
6 21, 25, 28, 30 
8 5. 7. 8, 10 
> 22, 24, 32, 52 
6 18, 20, 21, 21 
5 12, 14, 16, 17 
5 16, 16, 17, 18 
6 8, 11, 12,12 

* Weight/volume: 1 ppm w/v is equal to 1 per cu cm 


Background: Within the area of Fig. 2, samples of 

active and floodplain sediments were taken at 
sites on streams outside the anomalous drainage 
tern. = apie of these values is 2 ppm w/v 
] i S per cubic centimeter) in both 
he active aa aeckinliih sediments and in both the 
—12 and —200 mesh fractions. rom experience 
elsewhere, this background for the content of ex- 
chan paw e metals in sediments appears normal for 
unmineralized terrain. 

The metal content of the stream water was also 
determined at most of these sites; the median of 
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these values was 0.0006 ppm (0.6 ywg/1) of heavy 
metal expressed as zinc. 

Distribution of Metal in Active Sediments: The 
error in sampling active sediments was investigated 
by collecting multiple samples of similar material 
within a few feet of one another and comparing the 
exchangeable metal contents, as shown in Table I. 
These results show that if samples of the same kind 
of material are collected, the sampling error is rela- 
tively small. 


Table Il. Active Sediments: Variation in Metal Content with 
Sediment Type 
Exchangeable 
Heavy Metal 
Ppm W/V * 
—12 — 200 Total Zn Total Pb 
Site Material Mesh Mesh Ppm W/Wt+ Ppm 
—12 —20 
Mesh 
5 Silt 74 60 1000 200 
Sand 20 5 800 100 
Gravel 30 55 600 150 
6 Ooze 47 50 500 200 
Silt 37 40 700 200 
Gravel 13 40 700 150 
8 Ooze 13 17 125 50 
Silt 13 13 100 50 
Sand 10 27 125 50 


* Weight/volume: 1 ppm w/v is equal to 1 uw per cu cm. 
+ Weight/weight: 1 ppm is equal to 1 uw per gram of sample. 


Samples representing two vertical profiles below 
the active stream bed were collected at site 5. No 
significant variation with depth was revealed, indi- 
cating that for routine work a sample from the sur- 
face of the stream bed is as satisfactory as a deeper 
sample. 

The variation of metal content with type of sam- 
ple was investigated by collecting suites of samples 
of different kinds of sedimentary material at three 
sites, 5, 8, and 6, all lying in the anomalous drain- 
age below the Nash Creek prospect. The analytical 
data, given in Table IJ, show that the —12 mesh 
fraction of fine grained samples and of samples with 
a high content of organic matter are somewhat 
higher in their content of exchangeable metal than 
similarly prepared samples of sand or gravel. 

Sizing studies were run on a bulk sample of 
gravel collected at site 5, with results summarized 
in Table II]. Exchangeable metal was determined 
on weighed samples (ppm w/w) as well as on sam- 
ples measured in the volumetric scoop (ppm w/v), 
for the purpose of obtaining more accurate com- 
parison between exchangeable and total metal. These 
figures show a pronounced inverse relationship be- 
tween content of exchangeable metal and grain size. 
The same relationship is borne out by the data of 
Table II, on samples of different grain size collected 
from the same sites. 

Normal operating errors where samples are taken 
without regard to grain size and texture may be 
estimated by comparing the exchangeable metal 
content of contiguous samples of active sediment 
taken at 200-ft intervals along the South Branch of 
Nash Creek between sites 3 and 7 (solid lines of 
Fig. 3). Of these samples, almost two-thirds were 
sand and gravel, the remainder silt. In all, 49 pairs 
of samples 200 ft apart were compared. The median 
of the ratios of the higher to the lower value for 
exchangeable metal in these pairs is 1.50 for the 
—12 fraction, and 1.33 for the —200 mesh fraction. 
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This means, for example, that if a given sample of 
active sediment contains 12 ppm of exchangeable 
metal, a sample taken 200 ft either up or down- 
stream will have a 50 pct chance of falling within 
the range from 8 to 18 ppm for —12 mesh fraction 
or 9 to 16 ppm for the —200 fraction. 

Distribution of Metals in Floodplain Sediments: 
In a similar way, the error in sampling floodplain 
sediments was estimated by comparing data on cor- 
responding samples of floodplain sediment (broken 
lines of Fig. 3). Here the median of the ratios of 
the higher to the lower value for exchangeable 
metal is 1.21. Thus if a given sample of floodplain 
sediment contains 12 ppm of exchangeable metal, a 
sample taken 200 ft either up or down stream will 
have a 50 pct chance of falling within the range 
from 10 to 15 ppm. The lower sampling error of 
floodplain sediments as compared with active sedi- 
ments is unquestionably due in large part to the 
more uniformly fine grained texture of the flood- 
plain samples. 

The relation of the content of exchangeable metals 
in floodplain material to distance from the active 
channel of the stream is shown in the data of three 
traverses crossing the floodplain at sites 5, 6, and 8. 
The results are summarized in Fig. 4. The data of 
the first two traverses indicate that in the absence 
of a lateral source of metal, the exchangeable metal 
content of floodplain samples is highest near the 
active channel. Where several active channels are 
present, as at site 8, the relationship becomes con- 
fused. 

Samples comparing humus-rich silt with organic 
muck from the floodplain were collected near site 5; 
no significant relation between these types of sedi- 
ment and the content of exchangeable metal was 
apparent. 

Samples representing a vertical profile of the 
floodplain sediments to a depth of 18 in. were col- 
lected at site 6. These determinations showed no 
significant variation in metal content with depth. 


Table Ill. Active Sediments: Variation in Metal Content with Grain 
Size, Gravel from Site 5 


Ratio 
Exchange- Heavy 
able Metal Metal: 
Percent Total Zn Total 
Mesh Size of Total Ppm Ppm Ppm Zn Ppm 

Minus Plus Sample w/w* w/w* w/w* 
8 32 65 10 6 500 01 
32 80 25 18 15 500 0.03 
80 115 4 24 25 800 0.03 
115 200 3 38 45 800 0.05 
200 3 55 75 1000 0.07 


* See footnotes for Table II. 


Ratios of the exchangeable metal content of flood- 
plain samples to that in the corresponding active 
sediments were computed on the basis of data shown 
in Fig. 3. For the —12 mesh fraction the median 
ratio is 1.33, whereas for the —200 mesh fraction it 
is 1.06. Ordinarily, the active sediment is more 
coarse grained than the corresponding floodplain 
sediments, and has a lower content of exchangeable 
metal. Fine sieving, however, reduces the disparity. 

Distribution of Metal Within Source Area: Fig. 3 
shows the variation in the metal content of the 
stream sediments as the stream enters and passes 
through the source area. At site 1, upstream from 
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the mineralized area, the metal content of the sedi- 
ments is near the background value. The content 
of metals increases sharply as the stream enters the 
source area, at a point commonly known as the 
cutoff (site 2 in Fig. 3). Immediately below this 
point, the metal content of the active sediment ap- 
parently increases faster than that of the floodplain 
sediments. As the stream flows through the source 
area, the exchangeable metal content fluctuates in 
response to local increments from lateral drainage, 
ground water, and springs. Metal-rich tributary 
streams are known to enter the main channel at 
sites 3 and 4, where they can be correlated with 
local increases in the metal content of the floodplain 
sediments. 

Distribution of Metals Downstream from Source 
Area: The attenuation of the metal content of sedi- 
ments downstream from the Nash Creek prospect 
is, in a very general way, a reflection of simple 
dilution, as shown by the data of Fig. 3 between 
site 5 and tidewater at site 9. 

At site 7, the South Branch of Nash Creek is 
joined by the Main Branch, with about four times 
the drainage area of the South Branch. By a straight 
dilution factor, the exchangeable metal content of 
sediments below this point should be 5 and 7 ppm 
w/v for —12 and —200 mesh fractions respectively. 
Averages of the values actually observed in the 
section below this confluence are 3 and 6 respec- 
tively, indicating a slightly more rapid decay of the 
pattern than can be accounted for by simple dilu- 
tion, particularly for the coarser fraction. 

Tidewater extends up the stream channel for a 
distance of 600 ft from the end of the traverse. 
Comparison of data on total and exchangeable metals 
in sediments above and below tidehead shows no 
significant contrast. 

Comparison of Total and Exchangeable Metal in 
Sediments: Table IV summarizes the data on sam- 
ples where determinations have been made of both 
total and exchangeable metal. It is seen that, at 
least for the Nash Creek samples, a fairly close pro- 
portionality exists between exchangeable and total 
metals, although in the more anomalous samples the 
ratio of exchangeable to total metal is somewhat 
higher. 

Exchangeable Metal in Sediment Compared with 
Metal Content of Water: The metal content of stream 
water was determined at a total of 23 sites, of which 
six were in drainage from parts of the mineralized 
area, and 17 were in unmineralized terrain. Meas- 
urements were made on the same day to avoid 
changes due to fluctuations in weather. The data of 
the six samples from streams draining the mineral- 
ized area are given in Table V. In general, it is seen 
that all anomalous water samples are associated 
with anomalous sediment samples; beyond this, the 
correlation is not strikingly close. The median metal 
content of the other 17 water samples is 0.0006 ppm. 

At site 5, water was sampled and analyzed for 
metals at periodic intervals. Results varied from 
0.0017 ppm, when the water level was relatively 
high, to 0.005 ppm when it was low. This variation 
suggests that dilution during periods of higher rain- 
fall and runoff can cause a relative decrease in the 
metal content. 

Water Sampling Vs Sediment Sampling in Geo- 
chemical Reconnaissance: Both water and sediment 
sampling have advantages and disadvantages as 
prospecting tools that should be carefully weighed 
before being used for a given problem. Both media 
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Fig. 4—Exchangeable heavy metal content of sediments from 
traverses across floodplain. 


apparently can be used effectively in the search for 
geochemical anomalies. The obvious advantage of 
water sampling is its freedom from sampling errors. 
In favor of sediment sampling, it should be pointed 
out that: 1) the metal content is not affected by 
short-term variations in weather condition; 2) drain- 
age channels may be sampled and tested even though 
no water is present at the time the samples are 
taken; 3) a much less sensitive test is required, 
reducing the necessity for extreme cleanliness of 
reagents and glassware; 4) small samples are col- 
lected, and may be analyzed at a central laboratory 
with increased precision and efficiency; and 5) the 
sample may be kept indefinitely for future refer- 
ence. 


Table IV. Ratio of Exchangeable to Total Metal Content of 
Sediments (—12 Mesh Fraction) 


Range, 
Exchangeable Ratio, Exchangeable Heavy 
Heavy Range Total Metal : Total Heavy Metal 
Number of Metal Heavy Metal* 


Samples Ppm W/V+ Ppm Range Median 
12 1to6 50 to 150 0.020 to 0.043 0.031 
13 7 to 18 100 to 850 0.011 to 0.072 0.027 
8 20 to 45 500 to 1100 0.029 to 0.051 0.041 


* Total heavy metal is computed as the zine content plus one- 
quarter of the lead content, to allow for the lower sensitivity of the 
cold-citrate test for exchangeable lead. 

+ See footnotes for Table II. 


In the authors’ experience, sediment sampling 
with analysis by the cold-citrate test is more suit- 
able for geochemical reconnaissance work where 
large tracts of ground are to be scanned rapidly and 
cheaply. When exploration based on sediment sam- 
pling has led to a strongly anomalous area where 
the water test need not be particularly sensitive, a 


1126—MINING ENGINEERING, NOVEMBER 1956 


detailed survey by water analysis may be more 
satisfactory. 

Applications of Sediment Sampling: During the 
last three field seasons, the authors took part in a 
geochemical reconnaissance of an area of 27,000 sq 
miles in New Brunswick and the Gaspé Peninsula 
of Quebec. This program involved the collection 
and analysis of about 15,000 samples of sediment 
representing more than 4900 sample sites. The 
reconnaissance work led to the discovery of 43 
strongly anomalous areas, of which the nine most 
promising were designated for intensive physical 
exploration. To date, four of these nine have been 
explored by diamond drilling, and in every case 
have been found to be associated with significant 
base-metal mineralization. 


Table V. Comparison of Exchangeable Heavy Metal Content of 
Sediments to Heavy Metal Content of Water at Six Anomalous Sites 


Exchangeable Heavy Metal 
Content of Sediments 


—12 Mesh —200 Mesh 
Heavy 
Metal Flood- Flood- 
Content Active plain Active plain 
of Water Ppm Ppm Ppm Ppm 
Ppin W/V W/V W/V W/V 
0.01 110 35 80 70 
0.007 140 60 120 120 
0.002 90 110 
0.0017 16 20 24 22 
0.0017 10 20 14 22 
0.0011 18 30 24 35 


This experience indicates that the method should 
be applicable to any lightly glaciated or unglaciated 
area of temperate climate and well developed drain- 
age. It is probable, therefore, that the method 
would be effective in the unglaciated areas of the 
eastern U.S. as well as in New Brunswick. Appraisal 
of its effectiveness elsewhere must await further 
experimental work in the field. 


Conclusions 


Studies of the distribution of heavy metals in 
sediment and water from streams in the vicinity of 
a known metalliferous deposit in New Brunswick 
have shown that: 


1) In sediment from the active channel of a 
stream draining a mineralized area, the content of 
exchangeable metal varies inversely with grain size 
but is independent of depth below the stream bed. 


2) In sediment from the floodplain of a stream 
draining a mineralized area, the content of exchange- 
able metal a) is comparable with that in samples 
of active sediments of the same grain size taken at 
the same site, b) varies inversely with distance 
from the active channel, and c) is independent of 
depth below surface. 


3) The background content of exchangeable 
metals in both coarse and fine fractions, and in both 
active and floodplain sediments, is about 2 ppm w/v. 


4) Exchangeable metal content of sediments is 
anomalously high where the metal content of stream 
water also is high. Analysis of sediments for ex- 
changeable metals, however, has distinct practical 
advantages over water analysis as a method of 
reconnaissance mineral exploration in that a) effect 
of variations in weather is eliminated, b) dry stream 
channels may be tested, c) the chemical test is 
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simpler, d) large-scale operations are more efficient, 
and e) samples may be stored for future reference. 
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Discussion 


Energy Transfer by Impact 


by J. P. Zannaras 


(Mining Engineering, page 47, January 1956; AIME Trans., Vol. 205) 


Referring to the article by R. J. Charles and P. L. de 
Bruyn, let us assume that W = weight of glass bar; 
P = weight of hammer; e = total deformation; « = 
unit of deformation; K — potential stress energy; E = 
modulus of elasticity; L = length of the bar; » = coeffi- 
cient of inertia; h = height, ft; V = velocity, fps; and 
a@ = cross section area. 

The portion of kinetic energy which is effective in 
producing stress energy in a fixed bar struck horizon- 
tally is given by the formula’® 


(1 + % W/P)? 
where 
1 + 1/3 W/P 
[8] 
(1+ %W/P) 
Putting 
e 
W/P = 
(14+ —)?’ 


From the above equation it can be seen that the maxi- 
mum transfer of kinetic energy to stress energy is 
when e=0 or W/P=0 which indicates that the 
weight of the hammer must be very large as compared 
with the weight of the impacted rod. 

Eq. 8 diametrically opposes the conclusions reached 
by the authors of this article. In fact, if their sugges- 
tions were followed to the extreme when e = o when 
P = 0, there would be no transfer of kinetic energy to 
stress energy at all, as y becomes zero. 

Eq. 8 presumes that the velocity with which the 
stress is propagated through the bar is infinite, whereas 
the authors claim that the compression waves reflected 
are reaching the struck end of the bar prior to the 
complete transfer of the kinetic energy to cause such 
modification of the conditions there as to make them 
reach the reverse conclusions demonstrated by the 
above formula. 

That such interference exists is unquestionably dem- 
onstrated by the authors and others. However, if my 
observations are correct, such interference for this 
specific experiment and also for practical comminu- 
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tion is insignificant, and the conclusions of the authors 
are in error and must be reversed to comply with Eq. 8. 

Eq. 5, ws = AE -&/2, given by the authors on page 51, 
is derived from the following equation (Eq. 9): 

The above formula, Eq. 9, cannot be applied in this 
case. This formula is applicable for static loads where 
the load increases from zero up to its final value, P, in 
such a way that the deformation at different instants 
is proportional to the loads acting at those instants and 
actually represents the area of a right triangle in the 
strain load diagram of base e and height P. 

The typical photographs shown in Figs. 3 and 4 rep- 
resent the familiar strain load diagrams, and since the 
line of the wave marks the existence and intensity of 
the strain with the unquestionable conclusion that such 
strain has been caused by the action of a load acting 
continuously all along the wave until it reached the 
horizontal axis, the work stored at this point is repre- 
sented by the area under the wave line and the hori- 
zontal axis and not by the area of the fictitious triangle 
given by the authors. 

Then if this is correct, even visual estimation of 
these areas at gage stations given in the typical photo- 
graphs of Figs. 3 and 4 suffice to contradict the authors’ 
calculation given in Figs. 6a and 6b and Figs. 7a and 
7b. The typical photographs presented by Charles and 
de Bruyn show a considerable variation of the inten- 
sity of the strain at different stations but very small 
variation of areas which actually represent the stress 
energy at the corresponding stations. And, apparently, 
by squaring the small quantities, the authors magnified 
their error tenfold. 

J. M. Frankland’s paper’ discusses the relative strain 
intensity and not the total energy for different types of 
impact loading. He states in his paper, “The reader is 
explicitly warned not to confuse the results in this re- 
port with those obtained when the load is applied 
by a blow as from a hammer. In this case the peak load 
rises to very large but mostly unknown values. The 
accompanying large deflections and stresses are the 
result of high values of P, not of the dynamic load 
factor n. 

According to Frankland “the dynamic load factor” 
is the numerical maximum of the response factor. It 
therefore appears that the authors followed the same 
procedure in obtaining the relative strain energy ab- 
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sorbed in Fig. 9 as they did above by squaring the 
dynamic load factor. This is incorrect if my point is 
correct that Eq. 9 is not applicable in this case and 
that the stored energy is represented by the area under 
the wave line and the horizontal axis and not by the 
fictitious area of a triangle with base the maximum 
strain and height the corresponding load. 

Fig. 9 is not Frankland’s figure. It is the authors’ 
figure obtained from Frankland’s data. The correctness 
of their method is questioned by this discusser. 

On page 53 of their article the authors state: “If the 
interpretation of the experimental results is correct in 
that light impacting hammers in rebounding cause only 
slight damping of the vibrations set up during impact 
then the use of small impacting masses in comminu- 
tion may have another advantage.” This statement 
clearly shows a misconception of maximum energy 
transfer by impact, because it is known from elemen- 
tary mechanics that the kinetic energy is scalar quan- 
tity that is independent of direction. All the kinetic 
energy of the rebounding light hammer is a lost en- 
ergy. 

To prove this mathematically let us take a light 
hammer of mass M, and heavy hammer of mass M,,. 
Assume that the kinetic energy of both hammers is the 
same. Then if V, is the velocity of the light hammer 
and V, the velocity of the heavy hammer, the kinetic 
energy of the hammers is 


V2 
[10] 


2 2 


The velocity of the rebounding light hammer is V, 
and the velocity of the heavy hammer in rebounding 
is V;, = 0. The energy transferred to the impacted mass 

in the case of the light hammer is equal to M, ea eaes 


while the energy transferred by the heavy hammer is 
equal to 
(V’? — 0) 
[11] 


From the above equations it can be seen that the 
heavy hammer transferred more kinetic energy to the 
impacted mass than the light rebounding hammer. 

Another objection to the conclusions of the authors 
as far as actual comminution is concerned is the form 
of the impacted mass in a paper, submitted by the 
present writer for publication, entitled “Mathematical 
Repeal of the Existing Theories of Comminution. A 
New Approach to the Principle of Comminution.” I 
have demonstrated by calculus that the determining 
factor of a solid for storing energy depends to a much 
greater extent on the form of the solid than on its 
volume. It appears, therefore, that the capacity of the 
different forms of rock present in actual comminution 
to store energy cannot be compared with the capacity 
of the 10-in. glass rod used by the authors, aside from 
the fact that each piece of rock will have a different 
period of vibration. 

Irrespective of whether or not the conclusions of the 
authors are right or wrong, or the reverse formula 
given by Merriman and other authors is right or 
wrong, in both cases it is shown or claimed that the 
energy required for comminution depends on the re- 
lationship of the impacting and impacted masses. That 
is, if we have several steps of impact before the de- 
sired size reduction is accomplished, the energy re- 
quired will depend on the kind of steps we choose to 
take, and since an infinite combination of impacting 
and impacted masses can be made the total energy will 
depend on the sum total of the energies of the specific 
combinations we chose. It is therefore evident that 
there will be an infinite number of solutions for the 
energy required for the same size reduction by impact. 

Rittinger’s theory is interested only in the initial 
and final states of the areas of the rock and disregards 
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the intermediate steps, which according to the above 
statement are very important in determining the en- 
ergy required for crushing by impact. 

Kick’s theory is the summation of a series of equal 
steps of energy and disregards the fact that the en- 
ergy to break a cube of a certain dimension will de- 
pend on what size of mass we choose for impacting it. 

Merriman’s formula shows that as far as cnergy is 
concerned it is more economical to crush by slow crush- 
ing than by impact. 

R. J. Charles and P. L. de Bruyn (authors’ reply)— 
The authors appreciate the interest shown in their 
paper. However, they do not agree with some of the 
remarks made by Mr. Zannaras. As stated by Roark,’ 
the type of equation cited by Mr. Zannaras “is based 
upon an admittedly false assumption, viz., that the 
distribution of stress and strain under impact loading 
is the same as under static loading.” In other words, 
the impact is brought on so slowly that vibrational 
phenomena play no part in the impact process. Such 
an assumption limits the applicability of the equation 
to conditions of impact rarely encountered. In a qual- 
itative manner, however, this equation predicts, and 
perhaps correctly, that at very long impact times the 
curve in Fig. 8 of the paper under discussion would rise 
to high ordinate values. For the more general case 
where impact times are uncontrollably short and vibra- 
tional characteristics must be considered, the present 
work shows that there is a range of short impact 
times, brought about by light impacting masses, that 
leads to momentarily high strain energy absorption by 
a phenomenon similar to resonance. 

The oscillographs given in the paper depict strain vs 
time at various gage sections and are not the familiar 
strain load diagrams as indicated in Mr. Zannaras’ 
discussion. Integration of the areas under these curves 
would not give values that could be interpreted as 
“stored work.” 

The conditions for the application of Frankland’s 
theory of impact are stated in his original paper as 
follows: 1) The duration of impact ft; is sufficiently 
long, say a tenth or more of the fundamental natural 
period T. 2) The impact is distributed uniformly over 
the structure. 3) The fundamental mode of the struc- 
ture is uncoupled with higher modes. It is the opinion 
of the authors that these conditions have been met 
satisfactorily in the work under discussion and that no 
uncertainty was involved in measurement of the peak 
loads generated by the impacts. 

With respect to the effect of multiple blows on an 
impacted object, as outlined in the last paragraph of 
the paper under discussion, no reference to energy 
consideration is made. It is stated that due to residual 
oscillations left in a body when impacted with light 
masses a resonance, excited by multiple blows, may be 
set up which may ultimately lead to fracture. 

The actual problem of comminution by impact is 
complex, for the fracturing and loading processes may 
occur simultaneously. As an illustration of this com- 
plexity, experiments; following the work under dis- 
cussion, showed that extensive shattering of similar 
glass specimens could be obtained with energies, at 
high impact velocity, that were less than one-third 
those required to shatter at low impact velocity. Such 
results had been expected. On the other hand, an un- 
expected result did occur in that as the levels of im- 
pact energies were raised the amount of size reduction 
per unit energy accomplished by low velocity impact 
gradually overtook and surpassed that obtained by 
high velocity impact. On the basis of the above experi- 
mental evidence it does not seem possible to state 
unambiguously that either a high or a low velocity 
impact is the more efficient in comminution processes. 
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Coal Preparation at The 
Jones & Laughlin Vesta Mines 


by J. A. Glunt and J. R. Dawson 


Week No. 4 and 5 mines supply most of the high 
volatile coal required for Jones & Laughlin’s by- 
product coke plants. Until 1944 all coal produced in 
these mines was loaded by hand. Pressure to mech- 
anize at Vesta was brought on by the manpower 
shortage in World War II, and in 1943 a decision was 
made to change to mechanical loading. It was the 
opinion of those concerned that by use of selective 
mining the coal would be clean enough to be proc- 
essed by the existing preparation plants. At that 
time coal cleaning at Jones & Laughlin consisted of 
hand picking the larger sizes at the mine tipples and 
wet washing at plants located at the Pittsburgh and 
Aliquippa Works. 

A typical section of the Pittsburgh seam as it 
occurs at Vesta is shown in Fig. 1. The 14 to 16 in. 
of drawslate immediately over the coal is too soft to 
be used for roof and must be taken down, leaving 
the rooster coal just above for roof. In selective 
mining an attempt is made to mine the coal under 
the drawslate first and then load out the drawslate 
separately as refuse. In full seam mining slate and 
coal are shot down at the same time and loaded out. 

Mechanical loading at Vesta created new prob- 
lems. It was found that selective mining, even when 
carefully applied, increased the refuse in the raw 
coal to such an extent that the washers at the mills 
were unable to handle it. Large tonnages of refuse 
were being transported, a reject disposal problem 
was created, and good metallurgical coal was being 
loaded out and lost. In addition, the selective method 
handicapped operation of the loading machines. Fig. 
2 shows how the ash content of the raw coal in- 
creased as mechanization proceeded at No. 5 mine. 


J. A. GLUNT is Ass’t Chief Metallurgist, Cleveland Works, and 
J. R. DAWSON Chief Chemist, Vesta-Shannopin Coal Diy., Jones & 
Laughlin Steel Corp. 

TP 4380F. Manuscript, Sept. 26, 1955. 


COAL-LEFT UP-12 TO 30 IN. VERY IRREGULAR 


SLATE -16 IN: 


Fig. 1—Vertical section of Pittsburgh coal seam occurring 
at Vesta. Drawslate overlying coal creates problem in mining. 
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New Preparation Plant: After an exhaustive study 
of this situation by J & L management, is was de- 
cided that a preparation plant should be constructed 
at the mines, capable of handling full seam mined 
coal and large enough to process full production of 
both No. 4 and No. 5 mines. It was decided that from 
the standpoint of inside operation and haulage the 
new plant should be located as near as possible to 
the old No. 5 tipple on the Monongahela River near 
Vestaburg. 

Full seam mining at Vesta could be expected to 
produce a tremendous volume of refuse along with 
the coal, since 14 to 16 in. of slate would be mined 
with an average 78 in. of coal. Disposal of this refuse 
required serious consideration in selecting a plant 
site. The only area near Vestaburg large enough for 
disposal of the plant refuse was across the Monon- 
gahela River at LaBelle. Ample space was available 
here, and construction at this location would not 
interfere with operation at the No. 5 tipple. 

It had been noted over the years that the sulfur 
content of the coal produced at Vesta was gradually 
increasing, and there was every indication that this 
increase could be expected to continue as the mines 
developed further from the river. It was decided to 
construct a three-part separation plant with com- 
plete blending facilities to produce both metallurgi- 
cal and steam coal. In this system an attempt is 
made to reduce the sulfur in the metallurgical coal 
in a secondary cleaning process. 

Construction of the new preparation plant got 
under way early in 1947 and continued until the 
spring of 1950. The plant was designed to handle 
2400 tph of raw coal containing 30 to 35 pct refuse. 
Cost of outside buildings and equipment was about 
$14 million. Total cost of the plant, together with 
improvements and changes made at this time, was 
approximately $21 million. 
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Fig. 2—Mechanization of loading operation increased refuse 
in raw coal delivered to mill washers. 
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Fig. 3—Refuse stacker. Each day of plant operation 8000 to 
9000 tons of refuse are added to this pile. 


Operational Data: Raw coal from both the No. 4 
and No. 5 mines enters an underground chamber in 
mine cars. Nine cars at a time are handled by two 
rotary dumps, shown in Fig. 4. Coal is discharged 
into a common hopper with a conveyor bottom, from 
which it is fed over an 8-in. bar screen. Screen over- 
size is crushed to —8-in., and screen undersize and 
the crusher product are recombined and loaded onto 
the 60-in. conveyor leading to the plant. The belt 
structure crosses the Monongahela River on a 1000- 
ft suspension bridge. On entering the plant the coal 
is evenly distributed by means of a traveling belt 
tripper over the 16 sections of the raw coal bin. The 
coal is fed from this bin by vibrating feeders to 16 
double-deck vibrating screens. These screens effect 
a separation at % in., the +14-in. material going to 
the coarse coal cleaning plant and the —4-in. to the 
fine coal plant. 

From the vibrating screens the 8x%4-in. raw coal 
is sent to eight primary heavy media vessels. These 


Fig. 5—Three Dorr thickeners are in foreground. Tall build- 
ing at rear contains blending bins. 
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Fig. 4—The rotary dumps handle nine mine cars at one time. 


units are rated at 250 tph so that seven vessels can 
handle the entire production. Operating at 1.55 sp 
gr, these vessels separate the heavy refuse, which is 
immediately sent to the refuse disposal system 
shown in Figs. 3 and 6. Float coal from these pri- 
mary vessels is conveyed to blending bins ahead of 
the secondary heavy media vessels. 

The six secondary vessels, each having a capacity 
of 175 tph, are operated at an effective 1.35 sp gr. 
The float product is metallurgical coal and the sink 
an intermediate product that is then screened at 1 
in. The 1x0-in. is sent to steam coal blending bins 
while the oversize is crushed to —1-in. and returned 
to the raw coal feed. The 8x%4-in. 1.35 float coal is 
sent to the metallurgical coal blending bins. 

The —4-in. material from the raw coal vibrating 
screens is conveyed to blending bins and then to four 
Rheolaveur launders, where it is washed at 1.55 sp 
gr. These launders are augmented by 12 Deister con- 
centrating tables that are used to treat 1/8x0-in. 


Fig. 6—Movyable section of refuse conyeyor between head 
house and stacker. 
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Fig. 7—Bank of nine carpenter driers. A similar bank to the 
right cannot be seen. On extreme left are eight primary 
heavy media vessels. 


launder middlings. Dewatering of the clean fine coal 
is accomplished by means of four boot elevators and 
18 continuous centrifugal driers, Fig. 7. Clean fine 
coal is sent to the metallurgical blending bin. 

As in all wet preparation plants, one of the major 
problems at Vesta is clarification of the plant water. 
This is especially true now that state laws forbid 
discharging contaminated water into the streams. 
Equipment at Vesta for this purpose consists of three 
Dorr thickeners, two 150 ft diam and one 85 ft 
diam, see Fig. 5, and six disk-type vacuum filters. 
The filter cake is recovered as metallurgical coal. 
Some 14-in. cyclones have been added as auxiliary 
equipment since the plant was put into operation. 

The Heavy Media Process: The heavy media proc- 
ess is used to clean the +1%4-in. portion of the plant 
feed. The primary vessels, operating at 1.55 sp gr, 
effect a separation between coal and refuse, while 
the secondary vessels, at 1.35 sp gr, effect a separa- 
tion of low ash-low sulfur coal and high ash-high 
sulfur middlings and bone coal, as indicated in Fig. 8. 

Dense media processes employ pseudo liquids or 
liquids heavier than water to separate materials on 
the basis of specific gravity differences. Pseudo 
liquids are suspensions of solids in a fluid, the mix- 
ture having characteristics and properties approach- 
ing those of a true liquid. At Vesta the medium em- 
ployed is a suspension of finely ground magnetite 
in water. Water currents provide enough agitation 
of the bath to hold the magnetite in suspension. At 
the present time flue dust from the Benson Mines 
sintering plant is being used. Screen analysis of this 
material is 95 pct —100 mesh and 50 pct —325 mesh. 
Loss of magnetite is about a half a pound per ton of 
raw coal feed to the vessels. A thickener and mag- 
netic separator is provided along with each vessel 
for recovery of the magnetite. 

Operation of the heavy media vessels such as are 
in use at Vesta is very simple. When the feed enters 
the vessel, the material heavier than the effective 
specific gravity of the bath sinks to an elevator, 
from which it is discharged. The lighter material, 
along with a certain portion of the medium, over- 
flows a wier at the discharge end of the vessel. Both 
the float and sink products are discharged onto sepa- 
rate drain and rinse screens provided for recovery of 
the medium. 

The Rheolaveur Launder: Since the Rheolaveur 
launder had been successful in operation at the 
J & L Hazelwood washer on fine Vesta coal, this 
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Specific Gravity of Materials 
Present in Raw Coal 


MATERIAL 
BITUMINOUS COAL 
MIDDLINGS 
BONE COAL 
CARBONACEOUS SHALE 1.60 TO 2.20 
CLAY 1.80 TO 2.20 
SHALE 200 TO 2.60 
SANDSTONE 2,20 To 2.60| 
SWAT To 2.75] 
QUARTZ 2.50 TO 2.70| 
ANKERITES( 2.50 TO 270] 

CALCITE (LIMESTONE) 265 TO 2.75)” 
MICA 270 To | |N 
315 TO 3.27 
4.80 TO 5.20 ai i | 
SPECIFIC GRAVITY 10 15 20 25 30 35 40 45 50 55 


SP. GR. 
135 To 160] 


Yy 


STEAM COAL 


| METALLURGICAL COAL 


CALCIUM, 
FERROUS CARBONATES 


APATITE (PHOSPHATE ROCK ) 
PYRITES 


Fig. 8—Separation at 1.55 removes heavy impurities. Sepa- 
ration at 1.35 removes middlings and bone coal. 


type of equipment was selected for cleaning the 
—¥-in. coal at the new plant. The installation con- 
sists of four parallel units containing five launders 
each. In each unit the launders are arranged one be- 
low the other with A launder on top and E launder 
at the lowest level. These launders are essentially 
long sloping troughs with discharge boxes located at 
intervals along the trough bottoms. These boxes dis- 
charge heavy material to the launder at the next 
lower level. Rate of discharge is controlled by the 
size of the orifice in the bottom of the box and by 
upward currents of water through the boxes. 

A three-part separation is effected in the launders. 
Overflow from launders A, B, and C is clean coal. 
Overflow from launders D and E is middling prod- 
uct. These middlings are screened at %-in., the + 
¥g-in. material being recirculated to the launder 
feed and the — %-in. going to Deister tables for 
further cleaning. Underflow from a portion of D and 
all that from E launders goes directly to refuse. 

Launders have a capacity of roughly 4 tph per 
inch of width of A launder. At Vesta these launders 
are 46 in. wide and have a capacity of 180 tph. The 
fine coal plant, consequently, has a feed capacity of 
720 tph. 


Liquid-Solid Cyclones 

Inadequate Dewatering Facilities: Getting a new 
plant into operation is usually accompanied by un- 
foreseen difficulties. The start-up at Vesta was no 
exception, for trouble was immediately encountered 
in the fine coal plant. Failure of the fine coal plant 
to operate as planned was due primarily to inade- 
quate facilities for dewatering the washed fine coal. 

Initial dewatering of this coal was to be accom- 
plished by two dewatering wheels operating in paral- 
lel ahead of continuous centrifugal driers. Under 
actual operating conditions, the dewatering wheels 
were found to have only a fraction of the necessary 
capacity. It was for this reason that the first cyclones 
were installed at the Vesta preparation plant in 
August 1950. 

Cyclones as thickeners and classifiers of coal and 
refuse slurries had been reported in operation at 
other coal preparation plants previous to installation 
at Vesta. Limited experience had also been gained 
in 1949 at the Aliquippa coal washer by the Coal 
and Coke Research Div. While still in the develop- 
mental stage the liquid-solid cyclone had shown 
definite advantages over conventional thickeners: 
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Fig. 9—Half section of 14-in. cyclone used at Vesta. Wall 
is Y2-in. cast iron. These cyclones are cast, machined, and 
assembled at the J & L Pittsburgh works. 


1) high capacity, 2) low initial cost, 3) no moving 
parts, 4) comparable efficiency, and 5) minimum 
space requirements. 

As a general rule, the diameter of the cyclone 
selected for a given application depends on size con- 
sist of the feed particles, mesh size of separation de- 
sired, and volume of feed slurry to be processed. The 
large cyclones can handle coarser feeds and have 
the advantage of high capacity but on the other 
hand will allow larger particle sizes to report to 
overflow. The 14-in. cyclone, see Fig. 9, is now used 
exclusively at Vesta. 

Use of Cyclones Prior to Boot-Elevator Operation: 
Early in November 1950 a decision was made by 
management to discard the dewatering wheels and 
install four boot elevators for primary dewatering 
of the fine clean coal. At the same time work was 
started on installation of twenty 14-in. cyclones and 
two 6x14-ft dewatering vibrating screens in order 
to get the plant operating on at least a temporary 
basis. (Fig. 10 is a flow diagram of this installation.) 
This permitted near capacity operation of the fine 
coal plant from Feb. 15, 1951, until completion of 
the fine coal boots and elevators, April 20, 1951. 
During this period the fine coal plant operated at an 
average feed rate in excess of 500 tph, and 310,000 
tons were processed. 


CYCLONE O'FLOW 


6 CYCLONES 
LAUNDERS 
No. 1,2,3 84 € 


ABC O'FLOW 4 CYCLONES 


VIBRATING 
SCREEN 


CONVEYOR 
To 
ORIERS 
WEOGE WIRE 
u'FLOW 
SUMP 


O'FLOW To 
T 


VIBRATING 


DEISTER 
TABLES 


FREDERICK PUMP 


DEISTER 
CLEAN COAL 
SUMP 


HYDRO-SEAL PUMP 


Fig. 10—This installation permitted operation of all four 
launders until completion of boot elevators. 
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Operating Costs: An estimate was made for the 
cost of primary dewatering of the fine coal using 
cyclones and vibrating screens for the month of 
March 1951. The cost was found to be $0.0425 per ton 
of raw coal fed to the launders. Feed to the launders 
for this month was 135,000 tons. 

Present Use of Cyclones at Vesta: By April 23, 
1951, the value of the cyclone-vibrating screen de- 
watering system had become so apparent it was 
thought advisable to retain at least one of these cir- 
cuits for emergency use. This was to be used in the 
event of a breakdown of one of the boot elevator 
units or to relieve some of the load from the boots 
if the overflow became too coarse for Dorr thickener 
feed. This circuit was put into operation in June 
1951 when it became evident that the boat overflow 
was in reality too coarse for thickener feed and good 
filter operation. An installation consisting of eight 
14-in. cyclones for thickening and classifying %x0- 
in. launder middlings ahead of the Deister tables 
was also put into operation in June 1951. Since that 
time eight more cyclones have been added to this 
middlings circuit. These cyclones are operated with 
a larger than normal underflow opening to thicken 
the table feed slurry to about 33 pct solids, see Figs. 
IO) 

Ten 14-in. cyclones were installed to thicken and 
classify boot overflow in December 1951. The pur- 
pose of this installation is to divert coarse solids 
away from the Dorr thickeners and at the same time 
to improve filter operation. These cyclones are proc- 
essing about 75 pct of the total boot overflow. The 
cyclones are mounted above vacuum filters that fur- 
ther dewater the underflow. Cyclone overflow goes 
to the Dorr thickeners, which in effect act as 3-in. 
cyclones in series with the 14-in. cyclones. Opera- 
tion of this circuit has brought about marked im- 
provement in filter operation and a reduction of 
solids in the plant recirculating water. 

At present there are thirty-two 14-in. cyclones 
installed, of which 28 are in normal daily use, the 
remainder being spares. It is the opinion of the plant 
management that these cyclones are and have been 
of material value in maintaining capacity produc- 
tion and high operating efficiency in the fine coal 
plant. 

Heated Screening 

The Problem: It has been mentioned that the raw 
coal entering the plant is screened at %4 in. over 
vibrating screens. The oversize or + 4%4-in. material 
goes to heavy media vessels and the —4-in. is proc- 
essed through Rheolaveur launders. 

With these two methods of preparation a high 
screening efficiency is necessary to insure good 
cleaning performance. The heavy media vessels will 
not tolerate excessive amounts of fine coal in the 
separating medium and coarse, slabby material in 
the launder feed causes trouble by plugging the 
draw-off boxes. 

For screening the raw coal at Vesta there are six- 
teen 6x14-ft double deck vibrating screens. The top 
deck is divided into three sections. The first section 
of the top deck is 1%-sq in. opening %4-in. woven 
wire cloth, and the second and third sections are 
34-in. opening, 0.177 woven wire. The bottom deck 
has %4x%-in. opening of 0.080 diam 18-8 stainless 
steel woven wire. The angle of the screens is 25°, 
RPM 1000, amplitude % in. 

It became apparent early in the operation of the 
plant that an effective screening job would be diffi- 
cult primarily because of the relatively high mois- 
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Fig. 11—Cyclones have been added since this data. There 
are now 32 installed. 


ture content of the fines. This high moisture is due 
to water spraying as a safety measure to control 
dust during the mining operation. It was found that 
a clean %4x5-in. screen opening would produce an 
effective %-in. separation on this coal. However, 
during an operating shift a gradual blinding of the 
screen cloth occurred. This necessitated manual 
cleaning of the screens by wooden mallet and brush- 
ing between operating shifts. At times blinding 
reached objectionable proportions during a shift. 
This required shutdown of certain units during plant 
operation with a resulting loss in production. This 
cleaning was costly not only in loss of production 
and increased labor but damage to screen cloth dur- 
ing this operation greatly reduced screen life. 
Early attempts to avoid screen blinding included 
trial of several different types of screen cloth and 
single deck operation. A screen cloth with a long 
slotted opening proved effective in reducing blinding 


Fig. 12—Bank of six cyclones operating in Deister clean 
coal circuit. 
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but permitted slabby material to enter the screen 
undersize. This interfered with launder operation. 
Single deck operation failed because the high per- 
centage of refuse in the raw coal caused excessive 
wear on the fine wire cloth. 

Finally in July 1953 heating equipment was in- 
stalled on one of the 16 vibrating screens. Results 
of this experiment were so successful that at the 
present time all 16 of these screens are so equipped. 

Heated Screening: Heated screening is an appli- 
cation of the fact that when an electric current 
meets resistance heat is created. Heat produced is 
proportional to the resistance of the conductor and 
to the square of the current. Thus if a low voltage, 
high amperage current is passed through screen 
wire cloth, a temperature rise in the cloth will 
follow. 

The heating unit consists of a variable voltage 
transformer connected by flexible leads to the wire 
cloth. In practice these transformers range in size 
from 5 to 30 kva, with primary voltage of 220 and 
440 and secondary voltage of 2 to 10 v. The trans- 
formers installed at Vesta are 16 to 36 kva, primary 
voltage 440 and secondary voltage of 4.5 to 9 v. 

While heated screening is not the answer to all 
screening problems, it has been found very effective 
at Vesta, where blinding occurred because wet fines 
adhered to the screen cloth. The heated screen has 
the added advantage of being able to clean itself 
should a surge of wet mud pass over the screen. 

When wet coal passes over a screen the initial 
build-up occurs by adherence of a layer of very 
fine wet particles to the screen surface. Particles 
are retained in this position by the surface tension 
of a thin film of water also present on the wire sur- 
face. Other fine particles adhere to these until 
finally the gap between the wires is bridged and 
blinding occurs. 

The primary objective of heated screening is to 
eliminate the initial build-up. This is accomplished 
by inducing sufficient heat in the wire cloth so that 
any film of water adhering to the wire surface will 
evaporate rapidly. Any particles attempting to ad- 
here to the clean dry wire are quickly detached by 
vibration of the screen. 

Results of Heated Screening at Vesta: Power costs 
for the heated screening amount to about %4¢ per 
ton of feed. This cost is more than offset by elim- 
ination of manpower used for manual cleaning and 
by increased screen cloth life. Records show that 
the unheated screen cloth averaged 560 hr of opera- 
tion. This has been increased to about 2000 hr for 
the heated cloth. 


Conclusion 

Raw coal feed to the Vesta preparation plant aver- 
ages 2100 tph, or more than 28,000 tpd of two 7-hr 
shifts. About 20,000 tons of clean coal are shipped 
to the steel plants each operating day. The plant 
produced about 4,145,000 tons of clean coal in 1953. 
Raw coal feed to the plant amounted to approxi- 
mately 6 million tons for the same period. 

Along with this high tonnage production, manage- 
ment is continually striving to produce better met- 
allurgical coal at the lowest possible cost. The ulti- 
mate objective, of course, is to supply J & L blast 
furnaces the uniform high quality coke so necessary 
to iron production. 


Discussion of this paper sent (2 copies) to AIME before Feb. 28, 
1957, will be published in Mrnine ENGINEERING and in AIME Transac- 
tions Vol. 208. 
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Airborne Magnetometer Profile 
From Olympia, Wash., 


To Laramie,Wyo. 


by W. B. Agocs and R. R. Hartman 


N the course of a return flight from Olympia, 

Wash., to Laramie, Wyo., an airborne magne- 
tometer profile was recorded continuously. The 
level of flight was controlled at barometric levels 
along segments of the flight. Barometric altitude 
was changed from 3000 ft to a maximum of 12,000 
ft above mean sea level to take care of topographic 
variations. Terrain clearance varied from 800 to 
7300 ft. Horizontal positions were obtained by re- 
cording and tying to cities, towns, airports, river 
crossings, and other landmarks in the course of the 
flight. 

Figs. 1-6 show the course of the flight and the 
general geologic and tectonic features traversed. 
The flight line begins south of Olympia, Wash., and 
proceeds south across the Puget-Willemette de- 
pression to the Columbia River. Thence it proceeds 
eastward along the Washington-Oregon border 
across the Cascade Mts. and lava flows and the 
Umatilla basin to Pendleton, Ore. From Pendleton 
it traverses the Blue Mts. uplift of Oregon in a 
southeasterly direction, and then to the Boise basin 
of southwestern Idaho. The flight line swings in an 
easterly direction as it passes over the Snake River 
downwarp to the south of the Idaho batholith. It 
then passes over the northern portion of the Great 
Basin and the heavily overthrust area at the inter- 
section of the Utah, Idaho, and Wyoming borders. 
The flight then assumes an easterly course to cross 
the series of basins and uplifts of southern Wyoming 
and terminates near the western flank of the 
Laramie uplift. 

It should be clearly understood that all statements 
in this article pertaining to the magnetics were 
interpreted on the assumption of elongate anomalies 
transverse to a single profile. Hence any theories 
or ideas advanced here are in line with future paths 
of research rather than trying to prove or disprove 
existing data. 

Magnetic Interpretation: Depth determinations 
were made by the slope method of Peters,’ which is 


W. B. AGOCS is Chief Geophysicist and R. RK. HARTMAN Geolo- 
gist, Aero Service Corp., Philadelphia. 

TP 4384L. Manuscript, Jan. 24, 1956. New York Meeting, Febru- 
ary 1956. 
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stated as follows: “Draw a line in the maximum 
slope (at the point of inflection); draw a line whose 
slope is one-half this maximum slope; draw two 
lines parallel to this line tangent to the anomaly 
curve. The horizontal distance between the points 
of tangency is approximately equal to 1.6 times the 
depth [or the distance times 0.625 ].” 

Certain assumptions must be made for determina- 
tions of the causes of the magnetic anomalies:* 

1) The anomaly is caused by a _ susceptibility 
change rather than basement relief. 

2) Polarization of the basement rocks is in the 
same direction as the earth’s inducing field. 

3) The disturbing magnetic mass has a great 
horizontal length in comparison to its width and its 
sides are vertical and of great vertical extent. 

4) The anomaly is unique and not affected by 
the anomalies from nearby sources. 
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Fig. 1—Geologic and magnetic correlation of flight from 
Olympia, Wash., to Laramie, Wyo. From reference marks 
1 to 4. 
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These conditions are not always present in a single 
profile of this type. 

Normal or Regional Gradient: The magnetic pro- 
file has not been corrected for the normal or regional 
gradient. The normal variation of the earth’s total 
magnetic field is shown on Figs. 1-6, inclusive, as 
the regional gradient, as determined from Vestine 
et al.’ 

The intensity of the earth’s magnetic field varies 
from 56,410 gamma at Olympia, Wash. to 56,980 
gamma at Laramie, Wyo. The inclination is 70° 
north over the length of the profile. 

A comparison of the observed regional gradient 
and the normal regional shows good general agree- 
ment, but there are some intense deviations that 
cannot be classified as being due to local anomalies. 
These will be discussed. 

Geology and Magnetics, Olympia, Wash. to Pen- 
dleton, Ore. (Figs. 1 and 2): In the interval from 
reference marks 1 to 4, the magnetic profile is along 
the Puget depression. The rocks of this zone are 
predominantly Tertiary marine clastics and inter- 
bedded volcanics. The section is reported to be 20,- 
000 to 36,000 ft thick. Maximum depth determina- 
tion from the magnetics is found to be between 
16,000 and 17,000 ft at reference mark 2. Other 
depths along this section range from 2000 ft at ref- 
erence mark 1 to 3000 ft at reference mark 3 and at 
the surface between reference marks 3 and 4. It is 
extremely doubtful that these depths represent the 
basement. 

Owing to interbedding of the volcanics in the 
area, numerous factors could be involved in reduc- 
tion of these depths—such as the multiplicity of the 
overlapping sheetlike bodies of lava, or possibly a 
group of more basic flows somewhere near the hori- 
zon indicated by the depths. This will be referred 
to as the magnetic horizon rather than the basement, 
or some other specific cause. 

The zone from reference marks 3 to 4 is charac- 
terized by sharp positive anomalies that probably 
are caused by the lava flows. 
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The magnetic profile from reference marks 4 to 10 
swings to the east and crosses the Cascade Mts. and 
the Umatilla basin to the edge of the Blue Mts. up- 
lift. The Cascade Mt. range is characterized by 


complex Miocene and Pliocene folding developed in 


metamorphosed Paleozoic and Mesozoic rock and 
batholithic intrusions of granodiorite. Tertiary vol- 
canics covering the area are reported to be 5000 to 
15,000 ft thick. 

From reference marks 4 to 5 the magnetic anom- 
alies are superimposed on the flanks of a massive 
positive divergence from the normal regional gradi- 
ent. This divergence begins at reference mark 3 
and will be discussed later. Isolated depth deter- 
minations show the magnetic horizon to be about 
4500 ft midway between reference marks 4 and 5, 
and 2000 to 3500 ft immediately to the east of ref- 
erence mark 5. 

A major negative anomaly, on which are super- 
imposed sharp positive anomalies, is recorded from 
reference marks 5 to 7 in the crossing of the Cascade 
Mts. The local superimposed positive anomalies of 
230 to 650 gamma may be the result of basic intru- 
sions, or possibly basic segregations from the parent 
acidic magma. To the west of reference mark 6 the 
depth to the magnetic horizon is 1900 ft and to the 
east it increases to 3000 ft. 

Proceeding eastward, from reference marks 7 to 
10, the magnetic anomalies are relatively sharp and 
of minor amplitude and width, indicating a surface 
cause. The level of these anomalies parallels the 
normal regional gradient. It is of interest to note 
that at reference mark 7 a sharp break in the mag- 
netic level occurs. This is due to a susceptibility 
contrast of the order of 300 x 10° CGS units. 

In summary, from reference marks 1 to 10, a 
maximum depth of 16,000 to 17,000 ft is recorded, 
but over most of the profile it ranges from 2000 to 
4000 ft. This lack of agreement between the geo- 
logic and magnetic sections is almost certainly 
attributable to a magnetic horizon within the sedi- 
mentary section. 
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There are two more very interesting features of 
this profile—the previously mentioned broad diver- 
gences from the regional gradient, occurring be- 
tween reference marks 3 to 7, inclusive. 

From reference marks 3 to 5 a gamma positive 
regional deviation from the normal gradient is ob- 
served over a distance of 58 miles. From reference 
marks 5 to 7 a negative deviation of about 650 gam- 
ma is recorded over a distance of 36 miles. The 
former zone occurs at the margin of the Puget de- 
pression and the latter zone at the Cascade Mts. 
This type of anomaly is recorded at two other zones 
along the flight line. In view of the consistent indi- 
cations the following is presented as one possible 
explanation. 

The negative regional fluctuation over mountain- 
ous areas could be the result of deeper penetration 
of the granitic core of the mountain range into the 
sima layer of the earth’s crust. This penetration 
could affect the sima by squeezing it into the mar- 
gins of the mountain core. This would tend to 
thicken the basaltic layer along the edges of the 
trough where geosynclinal sediments are being de- 
posited. The thickening of the basaltic layer, which 
has a higher susceptibility, would produce the re- 
gional high over the flanks of basins and the com- 
plementary thinning would produce a regional low 
over the mountain system. 

A second factor, however, that must be consid- 
ered is that the Curie point geotherm would be 12 to 
15 miles deep. At this level the magnetic properties 
of magnetite would be lost. The four such anomalies 
described in this article are fairly consistent with 
this depth if calculations are based on %4 of the 
breadth of the anomaly. The errors would arise, of 
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course, in the method of determining the depth and 
the elongation of the anomalies due to the flight 
direction. 

Pendleton, Ore., to Mountain Home, Idaho (Fig. 
4): The profile from reference marks 11 to 18 ex- 
tends southeastward from the edge of the Umatilla 
basin, across the Blue Mts. uplift, and then skirts 
southwest of the edge of the Idaho batholith along 
the Snake River downwarp. 

The Blue Mts. uplift is a group of dissected lava 
plateaus. The volcanics of the area are partly of 
Carboniferous age and are highly metamorphosed. 
The Carboniferous rocks, known as the Burnt River 
Schists, are 5000 ft thick or more. Intrusives in the 
form of granitic blocks are exposed over much of 
the area and are associated with the Idaho batholith 
and others extending into British Columbia. Intru- 
sions of peridotite, gabbro, and diorite are associated 
with the granitic masses. A system of normal faults 
trends approximately east-west in this area (paral- 
lel to the flight path). The area is also mineralized 
to some extent, gold, scheelite, and molybdenum 
being associated with the intrusions. 

The magnetic anomalies in this section from ref- 
erence marks 11 to 18 are markedly different from 
those shown on the previous section. The general 
magnetic gradient is roughly parallel to the normal 
regional gradient. However, from reference marks 
11 to 13 a major positive high of 300 gamma, on 
which local anomalies of up to 500 gamma are re- 
corded, extends over a distance of 60 miles. This 
zone, which is located in the approach to the Blue 
Mts. uplift from the Umatilla basin, is not followed 
by a negative zone as in the passage from the Puget 
depression to the Cascade Mts. 
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Fig. 2—Geologic and magnetic correlation of flight from Olympia, Wash., to Laramie, Wyo. From reference marks 4 to 10. 
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Fig. 3—Geologic and magnetic correlation of flight from Olympia, Wash., to Laramie, Wyo. From reference marks 11 to 18. 


The minor anomalies in the zone from reference 
marks 11 to 12 show a depth of the magnetic horizon 
from the surface to 3000 ft subsurface. In the section 
from reference marks 12 to 14 the magnetic horizon 
lies at sea level, or 4000 to 5000 ft subsurface. At 
reference mark 14 a second break is observed where 
a 300 gamma positive anomaly discontinuously 
marks the approach to the Snake River downwarp 
and the flanks of the Idaho batholith. The Snake 
River downwarp lies south of the batholith and is 
covered by Tertiary lavas. The batholith forms the 
basement and is composed of quartz monzonite, al- 
though marginal differentiates are common. Re- 
cently it has been suggested that the batholith was 
originally a diorite but was altered by ascending 
siliceous solutions. Dikes intrude in several places. 

Mineralization in the form of cinnabar is found 
north of reference mark 17. Gold, silver, and some 
bismuth are mined near Boise. The ores are associ- 
ated with the dikes. Iron of economic value has 
never been found, but fragments of magnetite occur 
in gravels northwest of Boise. 

The anomalies from reference marks 14 to 18 are 
markedly different from those shown on the pre- 
vious section. They are smooth and of 100 to 300 
gamma in amplitude. East of reference mark 14 
the depth to the magnetic horizon increases to 10,- 
000 ft to 13,000 ft subsurface, and it increases to 
18,000 ft subsurface about 10 to 12 miles southeast 
of reference mark 15. This indicates two sectional 
breaks in the vicinity of the Snake River downwarp 
that could be due to faults of 9000 and 5000 ft re- 
spectively. Proceeding southeastward, to the south- 
east of Boise, the depth decreases to 2300 ft. It then 
abruptly increases to 11,000 ft in the vicinity of ref- 
erence mark 17 (due to faulting), decreases to 1700 
ft near reference mark 18, and rises to the surface 
at reference mark 18. The major fault at point 17 is 
probably on the flank of the Idaho batholith. 

Mountain Home, Idaho, to the Green River, Wyo. 
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(Figs. 5 and 6): The section from reference marks 
18 to 30 is shown in Figs. 5 and 6. This portion of 
the profile continues across the Snake River down- 
warp, thence across the Great Basin or Basin and 
Range province, the Bannock, Crawford, and Ab- 
saroka overthrusts, and across the Green River Basin 
to the flank of the Rock Springs anticline. 

From reference marks 18 to 21 the flight continues 
across the Snake River downwarp. The magnetic 
profile along this segment of the flight shows a zone 
of low amplitude, high frequency anomalies. The 
depth to the magnetic horizon rises from 4900 ft at 
reference mark 18 to 1600 ft to the east of reference 
mark 19. A fault of 4000 to 5000 ft is indicated be- 
tween reference marks 19 and 20 at Wendell. At 
reference mark 20 a sharp 150 gamma discontinuity 
is recorded. This level change occurs in the ap- 
proach to the Great Basin. 

In the interval from reference mark 20 to 22 the 
magnetic anomalies are broad and of 150 to 200 
gamma in amplitude, on which are superimposed the 
minor 10 to 50 gamma anomalies of relatively high 
frequency. The magnetic horizon rises to a level 
of 3700 ft midway between reference marks 20 and 
21 and then rises to the surface immediately to the 
west of reference mark 22. In the vicinity of refer- 
ence mark 22, the depth increases to almost 13,000 ft. 
This is a major horst zone between reference marks 
21 and 22, a basement high flanked by faulting. 

The Great Basin province is a series of north- 
south trending ranges of sedimentary rock overlain 
by patches of lava. Sedimentary strata up to 40,000 
ft have been estimated in the deepest part of the 
basin near the flight line. 

From reference mark 22 the depth to the magnetic 
horizon increases from 4500 ft to over 35,000 ft be- 
tween reference marks 23 and 24. This latter level 
rises to the surface east of reference mark 26 near 
the town of Preston, Idaho. From reference marks 
22 to 27 the recorded gradient follows the normal 
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Fig. 4—Geologic and magnetic correlation of flight from Olympia, Wash., to Laramie, Wyo. From reference marks 18 to 24. 


regional gradient and the anomalies are of low 
amplitude. 

From reference marks 27 to 29 the flight crosses 
the overthrust zone of the Bannock, Crawford, and 
Absaroka faults. The area had been folded prior to 
faulting and the large folds are truncated by the 
nearly horizontal thrust sheets. The rock is com- 
posed of thick geosynclinal sedimentary deposits. 
This area, known as the Green River basin, is con- 
tinuous to reference mark 30, where the flight ap- 
proaches the western flanks of the Rock Springs 
anticline. The Green River basin is believed to con- 
tain about 30,000 ft of sediment. 

To the east of Bear Lake, from reference marks 
27 to 30, depths to the magnetic horizon range from 
25,000 to 29,000 ft—in good agreement with the esti- 
mated geologic sectional thickness. From reference 
marks 27 to 30 a positive deviation from the normal 
regional is recorded. This deviation lies over the 
overthrust zone of the Green River basin. 

Green River to Laramie, Wyo. (Fig. 7): This sec- 
tion (shown in Fig. 7) from reference marks 27 to 
37 extends from the Green River to its termination 
at Laramie. This section of the profile crosses the 
Rock Springs anticline, Washakie basin, Rawlins 
uplift, Hanna basin, and Laramie basin. 

Between reference marks 30 and 32 the Rock 
Springs anticline is cut by a series of faults perpen- 
dicular to the axial trend. The Leucite Hills form- 
ing the north end of the anticline are remnants of 
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Fig. 5—Geologic and magnetic correlation of flight from 
Olympia, Wash., to Laramie, Wyo. From reference marks 
25 to 30. 
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Fig. 6—Geologic and magnetic correlation of flight from Olympia, Wash., to Laramie, Wyo. From reference marks 30 to 37. 


cinder cones and lava sheets. The recorded magnetic 
gradient is the same as the regional gradient, except 
for the 300 gamma discontinuity immediately to the 
west of mark 31. The discontinuity occurs in the 
faulted zone between the axis of the Rock Springs 
anticline and the Washakie basin. This discontinuity 
marks the location of a fault, since the depth to the 
west is over 38,000 ft and in the vicinity of refer- 
ence mark 31 the depth is 17,000 ft. This would 
mean a fault of over 20,000 ft. This great depth lies 
on the flank of the Rock Springs anticline. 

The flight passes from this fault zone to the 
Washakie basin. The thickest and deepest part of 
the Washakie basin, near its eastern flank, is esti- 
mated to be 30,000 ft. At reference mark 32 the 
depth to the magnetic horizon ranges from 24,000 ft 
to 17,600 ft, and at reference mark 33 the depth is 
found to be 20,000 ft. This is the Washakie basin up 
to the Rawlins uplift. 

The Rawlins uplift is characterized by high struc- 
tural relief complicated by folds and thrust faults. 
One thrust fault has pushed Pre-Cambrian meta- 
morphics over Eocene sediments which outcrop east 
of the town of Rawlins. The Hanna basin les east 
of the Rawlins uplift and although small, it contains 
a great thickness of sediments. The magnetic con- 
trol bears out the basement control of the Rawlins 
uplift since, in the interval from the town of Raw- 
lins, between reference marks 33 and 34 to reference 
mark 34, the depth to the magnetic horizon ranges 
from 12,000 to 14,000 ft. This shows an uplift of 
8000 to 9000 ft above the general floor of the Wa- 
shakie basin. The magnetic horizon drops to 26,000 
ft betwéen reference marks 35 and 36 in the Hanna 
basin. This latter depth is somewhat less than the 
estimated sedimentary thickness of the Hanna basin 
of 35,000 ft. 

The Laramie basin is a syncline between the 
Laramie range on the east and the Medicine Bow 
range on the west, both of which are formed from 
Pre-Cambrian crystallines. The basin contains 
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about 8000 ft of Carboniferous and Mesozoic sedi- 
ments. There is some mineralization in both the 
Laramie and the Medicine Bow ranges. The depths, 
as computed from the magnetic record, rise con- 
tinuously from the Hanna basin to the end of the 
profile, where the depth to the igneous basement is 
found to be 8500 ft subsurface. No indication is 
found of an uplift separating the Hanna basin from 
the Laramie basin as the result of the northward 
continuation of the Medicine Bow range or the 
southward continuation of the Sweetwater uplift. 


Conclusions 


The 1000-mile magnetic profile yielded numerous 
general magnetic correlations with broad geologic 
structures—in particular, the positive deviations on 
the flanks of basin areas and the negative deviations 
over mountain areas—and of local structures and 
depth to igneous rocks. This information could be 
used as a basis for expanded surveys in basin areas 
for petroleum, or structural areas for minerals, and 
numerous academic studies. 
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Geology in Development and Mining, 
Southeast Missouri Lead Belt 


Recommended development for three classes of orebodies 


by Frank G. Snyder and John A. Emery 


INING geology has a threefold objective: to 

guide prospecting for new ore, to evaluate 
known orebodies as development risks, and to sup- 
ply the detailed knowledge of ore structures neces- 
sary for more economical extraction. The role of 
geology in exploration is well established. This 
article will deal solely with orebody evaluation and 
the application of geology to development and min- 
ing problems as practiced by St. Joseph Lead Co. in 
the southeast Missouri district, which for many 
years has supplied approximately 30 pct of U. S. 
lead production. The primary concern of the present 
discussion is geology in the district, not geology of 
the district. 

The southeast Missouri district, locally called the 
Lead Belt, includes parts of St. Francois, Madison, 
and Washington counties. The first recorded mining 
was about 1720 at Mine La Motte in Madison County 
on surface showings of lead ore. Later discoveries 
near Bonne Terre, twenty-five miles to the north, 
led to extensive prospecting and underground min- 
ing. To date the district has yielded well over 8 
million tons of pig lead, valued at more than $1 
billion. By far the greater part of the lead produc- 
tion has come from an area of 50 sq miles, centering 
on the city of Flat River, as shown in Fig. 1. 


Role of Geology in Metal Mining 

The history of the use of geology in the older 
metal mining districts follows a simple consistent 
pattern that may be considered in terms of four dis- 
tinct phases. Each geologic phase is a response to 
the economic status of the mining district; each has 
definite characteristics setting it apart from other 
phases; and each passes into the succeeding phase 
as the mining operation gradually exhausts the 
large, rich, easily discovered deposits and lives upon 
increasingly smaller, lower grade orebodies that are 
less easily found. 

The geologic phases and their major characteris- 
tics are as follows: 
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Fig. 1—Central portion of southeast Missouri 
lead district. 


Period of No Organized Geologic Program: During 
the early history-of a great metal district ore is 
easily found by random prospecting and wildcat 
drilling. Many small operators are active, as profit- 
able mining can be done with a relatively small 
capital outlay and a minimum of technical staff. 
Mining practice consists largely of sinking a shaft 
on an ore showing and following the ore in sight. 
When the ore is exhausted or becomes unprofitable 
to mine, the process is repeated on a new ore show- 
ing. The miners become familiar with certain ore 
habits and use this practical geologic knowledge to 
guide mining. 

The method is successful as long as large tracts 
of virgin mineralized area are available. This phase 
ends when small-scale mining methods are no longer 
profitable and the mines become consolidated into 
the hands of a few operators. 
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1—Dense, gray 
dolomite. 


3—Mottled blue and 
white dolomite. 
Chocolate brown 
dolomite at Bonne 
Terre. 


5—Thick-bedded 
tan dolomite, often 
oolitic. 


7—Main algal reef 
zone. Commonly 
thick massive reef 
throughout on struc- 
tural center in 
Federal area. Thin 
and scattered reefs 
in Leadwood area. 
Non-reef rock is 
gray-spotted, tan or 
crepey. 


10—Thick, fine- 
grained, even-bedded 
tan on southwest 
side of district. 
Coarse-grained, 
lenticular tans over 
structural centers. 
Thin or absent be- 
tween structural 
centers. 


12—Thin-bedded, 
fine-grained, crepey 
and spotted dolo- 
mite. Contains fre- 
quent tan beds. 
Marble beds com- 
mon at base. Thin 
over structural 
centers. 


15—Light colored, 
coarsely crystalline. 
Often glauconitic. 
Frequently thick over 
structural center. 


19—Tan or gray 
sandy dolomite. 
Usually thicker at 
structural centers. 


20—Sandstone with 
occasional siltstone 
beds. Poorly ce- 
mented in upper 
part. Thin dolomitic 
sand beds in upper 
part. Residual igne- 
ous boulders at base. 
Complex of granites 
and porphyrys. 


In the southeast Missouri lead district this first 
phase was a long one, continuing into the early 
1920’s. An important development of this period 
was extensive use of the diamond drill in prospect- 
ing. Adequate ore reserves could be maintained by 
low cost diamond drilling; geological assistance was 
considered unnecessary. The only important geo- 
logical contribution of this period was the Buckley 
report of 1908. 

Period of Limited Geologic Program: This phase 
is characterized by an organized exploration pro- 
gram under a trained geologist or an engineer fa- 
miliar with geologic problems. Discovery of new ore 
is the main objective. Geologic information is cata- 
logued, organized, and used to guide further explo- 
ration. Delineation of geologic theory in the district 
is left to part-time consultants, government survey 
agencies, and occasional visitors. 

Mine operators and geologists alike seldom recog- 
nize that geology may make a material contribution 
to economic mining; hence little attempt is made to 
apply geology to operating problems. Application of 
geology to mining during this phase is largely ren- 
dered by engineers and miners whose growing 
knowledge of ore habits is an important asset to 
successful mining. 

The second phase is marked also by increased 
consolidation of individual ventures and the emer- 
gence of a few units or a single big operation which 
can finance the costly equipment and large-scale 
methods needed to handle larger tonnages of lower 
grade ore. The greatest production of metal per 
unit of time usually comes during this phase. 

This phase draws to a close as ore becomes harder 
to find, as the mine operation must turn to lower 
grade ore and smaller orebodies, and as a forward- 
looking management recognizes that detailed geo- 
logic study is necessary to maintain an adequate 
mining reserve. 

The second phase of Lead Belt geology was char- 
acterized by expanded use of the diamond drill in 
prospecting and the development of the St. Joe 
shovel as the basic piece of mining equipment. In 
few mining districts have operations been geared so 
closely to particular methods as were the explora- 
tion and ore loading in southeast Missouri. In this 
period R. E. Wagner and J. E. Jewell, who guided 
the exploration program, subdivided the ore-bearing 
Bonneterre formation into zones. Their classifica- 
tion, with minor modifications, continues to be the 
basis of the core-logging system and the under- 
ground mapping program. 

Period of Detailed Geologic Study: The change 
from the second phase to the third is usually the 
only one in the sequence for which a definite date 
can be picked. This is the date a department con- 
cerned with mining geology is established. 

The third phase is marked by a systematic map- 
ping program and an intensive search for factors 
controlling localization of ore. This is a period of 
research. Mined out areas are mapped and studied 
and hypotheses developed to relate and explain cer- 
tain features. At this time the geologist learns which 
features in the rocks are significant in the interpre- 
tation of ore occurrence and which, regardless of 
theoretical interest, bear no relation to ore. 

The southeast Missouri district embarked on this 
phase with the organization of a separate geologi- 
cal department by the St. Joseph Lead Co. in 1946. 
This department was directed by John S. Brown, 
who instituted an intensive program of mapping 
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Fig. 3—Cross section of a structural center. 


mine workings, a study of geologic controls of ore- 
bodies, and the application of geologic knowledge 
to prospecting, development, and mining problems. 

Period of Application of Geslogy to Daily Mining 
Operations: In practice, the third phase passes grad- 
ually and slowly into the fourth, since geologic 
knowledge is put into use almost as soon as ac- 
quired. Mapping and study of mined areas is a con- 
tinuing process. As new knowledge is gained and 
interpretations are improved, areas studied earlier 
must be restudied and re-evaluated in light of the 
advanced knowledge. 

The fourth phase begins when the mine develop- 
ment program consistently fails to sustain the pre- 
determined level of production. In the mining op- 
eration this period is characterized by increasingly 
greater risks in developing smaller and lower-grade 
deposits and by searching out and mining crumbs of 
ore passed over when large rich orebodies were 
readily available. It is a period when every engi- 
neering and scientific tool must be used to maintain 
the competitive position established during the early 
history of the district. Prolonging this period is a 
major objective of geology as applied to mining. 


Geology of the Lead Belt 

Geologic Setting: Recognition of the major geo- 
logical features of the southeast Missouri lead de- 
posits is preliminary to further consideration of ore- 
bodies. More detailed accounts of geology of the 
lead deposits have been reported by Ohle and 
Brown’ and Tarr.* 

The lowest Upper Cambrian sediments represent 
a normal orthoquartzite-limestone sequence depos- 
ited on Pre-Cambrian porphyry and granite. The 
old basement surface presented an irregular, rolling 
topography, with local relief of several hundreds of 
feet. On this irregular floor, filling the valleys and 
feathering out on the flanks of igneous knobs, rests 
the Lamotte sandstone. Overlying the Lamotte with 
minor local disconformity is the ore-bearing Bonne- 
terre formation. 

The Bonneterre formation within the Lead Belt 
area is believed to have been deposited in a shallow 
water environment, probably much like that of the 
shallow marine banks of the Bahamas region of the 
present day. Although probably deposited initially 
as limestone, large parts of the formation, especially 
near the orebodies, are now dolomite.’ 

Over the Bonneterre banks minor differences in 
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Fig. 4—Bedded ore at 12/15 contact. 


water depth existed as a result of undulations on 
the Lamotte surface. Igneous knobs, protruding as 
islands in the Upper Cambrian sea, channeled and 
guided currents, further emphasizing the bottom 
irregularities. Minor depth differences on the 
shallow irregular sea bottom of lower Bonneterre 
time provided a variety of sedimentary environ- 
ments resulting in extensive local facies differences 
and a wide range of sedimentary structural fea- 
tures. The major rock types are tan crystalline— 
often oolitic—dolomites, representing well sorted 
carbonate sands; the gray, shaly and mottled dolo- 
mites, representing unsorted carbonate sand and 
mud with clay minerals; and organic deposits, rep- 
resenting reefs in place and recognizable organic 
detritus. Irregular and intermittent subsidence of 
the area as the seas encroached on the land mass to 
the southwest gave rise to vertical differences re- 
sulting in alternation of tan and gray rocks in the 
Bonneterre sequence. 

The Bonneterre formation has been subdivided 
into units, designated 1 through 19, as shown in 
Fig. 2. 

The major cyclical repetition, prominent in the 
lower Bonneterre, includes the tan crystalline 19, 
15, 10, and 5 zones interbedded with the gray, shaly 
12 zone and gray nonorganic parts of the 7 zone. 
Occasional thin gray dolomite beds in the tan units 
and tan beds in the gray units record minor local 
differences in sedimentation. 

A widespread development of organic structures 
occurs at and near the base of the 12 and 15 zones 
and throughout the 7 zone. Those in the lower part 
of the section, locally called marble, include small 
bioherms and thin beds of organic detritus. 

The 7 zone algal reefs grew on favorable sites 
over the carbonate sand banks. Individual reefs, 
usually striking northeast in the central productive 
area, range in size up to 1000 ft in width and up 
to three miles in length. Although fairly consistent 
in growth pattern within a small area, considerable 
differences in minor features of reefs exist in differ- 
ent parts of the district. 

Major structural features of importance to the 
central productive area are the Farmington anticline 
on the northeast side of the district and the Simm’s 
Mountain fault on the southwest side of the dis- 
trict.”* The effect of this combination of structural 
elements is a regional dip of nearly 2° to the south- 
west, which places the base of the orebearing 
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Fig. 5—Bedded ore with marble fan. 


formation approximately 400 ft lower in the south- 
westerly mine workings than it is to the northeast. 

Within the mined area several faults of 40 to 100- 
ft displacement cut the orebodies and have an im- 
portant bearing on mining. Many lesser faults of 
a few feet displacement are related to the major 
faulting. 

Geology of Orebodies: Throughout the lower half 
of Bonneterre time certain areas became topo- 
graphic highs on the sea bottom which often per- 
sisted. The highs, generally trending northeast, 
exhibit arch structures at one or more horizons 
owing to a greater abundance of tan carbonate sand 
which grades into and intertongues with gray, fine 
grained sediment on the flanks. These topographic 
highs were the sites in which many sharp contacts 
between different kinds of sediment were formed 
and were the banks on which algal reef growth was 
most abundant. They are the areas that contain 
many sedimentary structures favorable for ore depo- 
sition. Hence they are termed structural centers. 

Probably 90 pct or more of the ore mined within 
the district has come from within and along the 
flanks of the structural centers. A diagrammatic 
cross section of a well developed structural center 
is shown in Fig. 3. In some parts of the district a 
strong structural center may show almost continu- 
ous mineralization for more than 200 ft vertically, 
through all zones from the 19 up into the 5 bed. 
Elsewhere in the district only certain horizons are 


Fig. 6—Bedded ore on flank of structural center. 


mineralized, or the structure itself may have lim- 
ited height and ore may be confined to a single 
stratigraphic zone. 

Bedded orebodies are those in which the ore is 
concentrated along bedding planes or disseminated 
as replacement of bedded dolomite within a re- 
stricted vertical zone. Ore frequently is associated 
with thin beds of black shale. These orebodies occur 
in a variety of sedimentary structures resulting 
from interruptions or discontinuities or changes that 
took place during deposition of the Bonneterre for- 
mation. Several types of bedded orebodies are shown 
in Figs. 4 through 7. Attitude of the floor of the 
orebody, a factor of paramount importance to min- 
ing, depends on the type of surface on which the 
ore-bearing bed was deposited. The floor may be 
a flat-lying bed, an arch crest or flank, a porphyry 
slope, or any minor sea bottom irregularity. 

Reef orebodies are those within or marginal to 
recognizable organic structures of the 7 zone. A reef 
is defined as a major organic mass, in place, com- 
posed of algal deposits and entrapped and inter- 
bedded sediment. Where best developed it is rough- 
ly comb-shaped in plan, the teeth extending to the 
southeast as shown in Fig. 8. The major ore-con- 
trolling structure within the reef, termed a roll, is 
a rectilinear unit composed of a succession of super- 
imposed colonial growths separated from similar 
units by clastic sediment or growth lines. Rolls vary 
from a few feet to a few tens of feet in width and 


Fig. 7—Bedded and disseminated ore at dolomite/ porphyry 
contact. 
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Fig. 8—Plan and section of 7 bed reef. 
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may extend the full width of the reef. Other fea- 
tures recognized as specific types of ore structures 
include the reef-edge, the precipitous contact of 
reef and clastic sediment with extensive inter- 
tonguing of reef and nonreef rock; the off-reef, the 
bedded deposit adjacent to the reef mass and dip- 
ping away from the reef; the reef lobe, a long ex- 
tension of a roll or a series of rolls away from the 
reef; and the biostrome, a bed of organic material 
unbroken by growth lines or clastic sediment. Figs. 
9 and 10 show examples of reef orebodies. 

Reef orebodies present many mining problems not 
found in bedded deposits. Even in strongly mineral- 
ized areas large parts of the reef are barren. Ore is 
commonly more abundant along roll edges than 
within rolls. Adjacent pay holes may be on the same 
orebody or may be separated by considerable waste 
rock. Mining practice must be based on width of 
roll and width of inter-roll zone. Complete extrac- 
tion of ore without excessive dilution requires care- 
ful attention to roll habits. 


Evaluation of Orebodies 

As orebodies may occur anywhere within a strati- 
graphic interval of nearly 300 ft and in widely dif- 
ferent structural settings, each orebody is evaluated 
as a development risk by the mine geologist. Infor- 
mation gained from underground mapping and from 
study of drill logs provides the basis for evaluation. 

Drillhole Data: The core drilling system followed 
in the district* includes detailed logging of rock 
types in drill core and discarding all core except 
that which is mineralized. Mineralized core is split; 
half is assayed and half saved for future reference. 

In evaluation of orebodies, core logs of holes in 
the orebody and adjacent holes are studied for de- 
tails of lithology of the host rock and of beds above 
and below the ore. Character of the rock which will 
form the mine back is noted. Consideration of logs 
of holes adjacent to the orebody is necessary to 
define facies changes, initial dip of beds, and prob- 
able width of orebody. The mineralized portion of 
the drill core is examined for character and distri- 
bution of ore, character of the host rock, extent of 
post-ore leaching, and extent of grinding core. 

Position of the Orebody on Structure: A major 
factor in evaluation is the position of the orebody 
relative to the structural center. Very few unpro- 
ductive developments are cut within a structural 


center. Unproductive developments, studied in the 
course of mapping old workings, usually represent 
scattered pay holes on the fringes or outside of 
structural centers. Care must be exercised with 
those orebodies that are on structure but beyond 
the limits of extensive mineralization; there are 
many examples of good structure and favorable 
looking rock which bear weak mineralization or 
none at all. 

Within a structural center some contacts and some 
zones are generally better mineralized than others. 
However, beds sometimes regarded as unfavorable 
may carry good ore when well located on structure. 
The occurrence of many stopes of 100 to 200 ft of 
mined height through all stratigraphic zones indi- 
cates that rock type alone cannot be regarded as an 
unfavorable factor in evaluating an orebody. 

Production History of Ore Horizon in the Area: 
Certain ore horizons may be productive in one part 
of the district and unproductive in another. Pro- 
duction history of the stratigraphic horizon in the 
immediate area of the orebody being evaluated is 
considered. Stratigraphic zones with poor produc- 
tion records are considered unfavorable, although 
they may show occasional good pay holes. 

Rating the Orebody: Orebodies are rated accord- 
ing to decreasing mining probability on a scale of 
1 through 5, as shown in Table I. The scale is a 
measure of the risk entailed in developing an ore- 
body. No. 1 on the scale is essentially a sure thing; 
No. 5 is equally sure to be unproductive. 

Most of the items on the scale involve little sub- 
jective judgment. The requirement of return rela- 
tive to development cost embraces those intangibles 
gained from study of drill core and first hand knowl- 
edge of the area and is carefully weighed for each 
orebody. 

Recommended Development 

Orebodies Classified According to Mining Habit: 
Classification of orebodies by geological features, al- 
though necessary in interpretation, is of little direct 
value to operators. It is more useful to classify 
according to mining habit. By mining habit is meant 
those characteristics of an orebody, particularly size, 
shape, and nature of the mining floor, that determine 
the development and mining procedure necessary 
for most complete and economical extraction of the 
ore. Variations in mining habit of Lead Belt ore- 
bodies are due to minor, but usually predictable, 


Fig. 9—Roll-edge ore deposit. 
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Fig. 10—Biostrome ore deposit. 
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DOWN DRIFT, POSSIBLY 
REQUIRING SUMP AT ENTRY 


NO SUMP NECESSARY 


FLAT OREBODY 
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REQUIRING LAST PHASE DITCHING 


DOWN DRIFT 

REQUIRING SUMP 

AT ENTRY 

DIPPING TOWARD ENTRY DIPPING TO LEFT OR RIGHT OF ENTRY 
DIP LESS THAN 6% 
TYPE I—NEARLY HORIZONTAL OREBODIES 


ALL DEVELOPMENTS REQUIRING 
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A Fig. 11—Recommended development for type | orebody. 
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V_ Fig. 12—Recommended development for types of orebodies. 
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Table |. Rating Scale for Orebodies 


Rating Requirements Must satisfy 

1 Well located on structure. All 
Return in excess of development cost. four 
Horizon has good production history in requirements 

area. 
Grade of ore well in excess of minimum 
requirements. 

2 Good structural position. First two 
Return in excess of development cost. requirements 
Horizon has good production history in and 

area. one other 
Grade of ore in excess of minimum re- 
quirements. 
3 Fair structural position or insufficient in- All 
formation to merit a higher rating. four 
Average chance of giving a return in excess requirements 
of development cost. 
Past production history from ore horizon in 
area not necessary, but it cannot have 
been unfavorable. 
Grade of ore near minimum requirements. 
4 Ore horizon has poor production history in Any 
area. two 
Poor rock type. of the 
Off structure. first four 
Marginal grade. requirements 
Development cost may equal or exceed 
return. 
Insufficient positive information to merit a 
higher rating. 
5 Ore horizon has thoroughly unsatisfactory Any 
production history in area. one 
Ore occurs exclusively as fracture filling or requirement 


as cubes in vugs. 
No. 4 orebodies disproved by additional 
prospecting. 


features of the host rock. Mining habit is not related 
to any stratigraphic zoning, although zones show a 
disposition toward one or toward a limited number 
of mining habits. The major zone contacts at all 
horizons may be similar in habit. If of sufficient size 
and tenor, an orebody within a reef complex may 
have the same mining habit as a bedded deposit. 

Mining habit must be related to the basic 
methods and equipment used in the district. Mining 
methods in southeast Missouri are usually based on 
the St. Joe shovel and track haulage. Major varia- 
tions in equipment include the Joy loader, the Eimco 
shovel, and the Rogers ramp for loading, the shuttle 
car and Diesel truck for short haulage, and various 
types of drags for scraping ore into chutes. Methods 
that influence classification of orebodies include 
track haulage, which is restricted to grades of 6 pct 
or less; shuttle car haulage, which cannot operate 
effectively on grades over 15 pct; and St. Joe shovel, 
which requires a minimum operating width of 20 ft. 

Types of Orebodies: On the basis of floor slope, 
orebodies are grouped into three classes: those with 
nearly horizontal floor (under 6 pct); those with 
moderately dipping floor (6 to 15 pct); and those 
with steeply dipping floor (over 15 pct). Subdivi- 
sions are made according to width of orebody. 

It is not always economically feasible to approach 
an orebody from the ideal position. Choice of entry 
must be in relation to available mine openings from 
which the development can start. In the following 
discussion drainage problems will be given only 
minor attention. They must be considered where 
the orebody lies at a lower level than adjacent 
workings and where the orebody dips away from 
the direction of approach. 

Type I orebody has a floor which slopes less than 
6 pct and a minimum width of 100 ft. This width is 
chosen because this is the minimum dimension at 
which any angle of approach will allow complete 
reversal of track within the orebody. With less 
width certain angles of approach necessitate re- 
development, leaving some ore, or taking low grade 
rock. 
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Orebodies falling within this group include most 
of those on the main stratigraphic contacts such as 
the 15/19 and 12/15. Many reef orebodies, espe- 
cially those in which ore is not too closely restricted 
to individual roll structures, fit into this group. Ore- 
bodies of this category have thus far provided the 
bulk of southeast Missouri production. 

As shown in Fig. 11, approaching an orebody on 
the low side presents the most attractive situation 
but may not always be possible. Frequently when a 
choice can be made a little additional development 
in order to approach the orebody from the best 
possible position is worthwhile to secure better min- 
ing conditions and lower mining cost. 

Type II orebody has a floor that slopes less than 
6 pct and has one lateral dimension less than 100 ft 
but more than 20 ft. The orebody is wide enough 
for operation of the St. Joe shovel but is too narrow 
to permit complete reversal of track haulage within 
the orebody. Unless the initial approach is correctly 
chosen some redevelopment is necessary in order to 
obtain maximum extraction. These orebodies are 
best suited to trackless haulage. With use of track, 
preferred mode of development is to make entry 
relative to shape and trend of orebody as shown in 
Fig. 12. 

Orebodies of this type are common and provide a 
large amount of the ore now being mined. They 
include such geologic features as fan structures and 
on-lap zones in the lower beds and many reef ore- 
bodies in the 7 zone. 

Type III orebody has a floor that slopes less than 
6 pct and has one lateral dimension less than 20 ft. 
This orebody is too narrow to mine with the St. Joe 
shovel without excessive dilution of ore. Under 
present mining practice these orebodies are not 
mined, as the ore zone is too narrow to carry a 
heading. 

Occasionally these orebodies are found in the 12 
and 15 beds. In such cases they are extremely diffi- 
cult to define. The most common occurrence is 
within the reef complex where individual roll-edges 
may be too widely separated to mine two or more 
roll-edges as a single heading. 

Type IV orebody has a floor sloping more than 6 
pet but less than 15 pct. As the orebody is too steep- 
ly inclined for track haulage width is not a factor. 
Orebodies of this type occur as bedded deposits at 
all stratigraphic zones. They are especially common 
in the 12 zone and on the flanks of sedimentary arch 
structures. 


In those stopes which have been developed for 
track haulage mining is done in parallel benches 
resulting in considerable dilution of ore and mul- 
tiple development to stay with the dip of the min- 
eralization. Development of ore at the level indi- 
cated by the drillhole usually does not provide an 
entry favorable for mining. Attention must be given 
to slope of floor and trend of orebody prior to 
development. 


Type V orebody has a floor sloping more than 15 
pet; width is not a factor. Although not common, 
these orebodies have contributed considerable ton- 
nage. They are found along the flanks of the struc- 
tural centers and on porphyry knobs. Usually old 
stopes of this type have undergone several periods 
of redevelopment to get on the ore at different ele- 
vations, since ore goes into the back on one side of 
the working face and into the bottom on the other 
side. Invariably such stopes have produced low 
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Fig. 13—Steps in evaluation of orebody. 


grade ore because of the large amount of dilution 
necessary to maintain a mining floor. 

Recommended procedure is to leave these ore- 
bodies until equipment is available which is adapt- 
able to slope of floor. More favorable equipment, 
through decrease in both dilution of ore and redevel- 
opment costs, makes these orebodies considerably 
more profitable to mine. 

Several steps in evaluating a bedded orebody are 
shown in Fig. 13. The first illustration shows statis- 
tical ore reserves blocked on pay holes; elevations 
given indicate bottom of the ore in each hole. Con- 
tours on the 15/19 contact which carries the ore are 
shown on the second illustration. A cross section of 
the orebody, shown in the third illustration, reveals 
the nature of the mining floor, which determines the 
type of orebody. Recommended development is 
shown in the fourth illustration. 


Geologic Aids to Mining 

Periodic Stope Visits: Only by frequent and reg- 
ular contact with the operating staff can the geolo- 
gist become familiar with the problems that face 
members of the mining department in their efforts 
to maintain grade and tonnage and to control min- 
ing costs. Such contacts cement relations between 
geological and operating staffs and develop a coop- 
erative approach to mutual problems. An effort is 
made to acquaint the operating staff with major 
aspects of geology of the mine. The main zone con- 
tacts, recognition of rock type in each zone, impor- 
tant types of structures that control ore trends, and 
recognition of displacement on faults represent use- 
ful information to the operator. The geologist gains 
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much practical knowledge of ore based on experi- 
ence of operating staff and miners, as well as becom- 
ing familiar with operating problems important in 
evaluation of orebodies. 

Anticipation of trends of minor structures that 
control ore is important. Lack of attention to dip of 
contact may result in mining of excessive amounts 
of waste rock or even loss of ore in high breast or 
bottom. In mining downhill miners tend to raise the 
bottom to get out of water and may leave good ore 
in the bottom. Close attention to structural trends 
reduces the amount of redevelopment necessary for 
maximum extraction. 

Visits to operating stopes are also useful in plan- 
ning prospecting. Jackhammer prospecting by the 
operating driller is used to explore potential ore- 
bearing structures revealed in mining. A consider- 
able amount of ore not outlined by the diamond 
drilling that led to initial development of the ore- 
body is found by this method. Structures not acces- 
sible to jackhammer prospecting are recorded as 
targets for future diamond drilling. 

Stope Evaluation: Orebodies being mined and 
those developed and ready to mine are evaluated 
each quarter to provide an estimate of the produc- 
tive life of the stope and to anticipate development 
and prospecting needs. Tonnage of ore remaining 
is estimated on the basis of knowledge of the ore- 
body from direct observation, structural position, 
and drill information. Quality and extent of the 
information are considered. Estimated tonnage of 
unmined ore is converted to number of drill shifts 
according to the average rate of breaking per drill- 
man per shift at the mine concerned. This indicates 
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the probable life of the stope in months or years 
of operation. 

Stope evaluation data are useful in coordinating 
development and mining. Mining practice is based 
on a shovel unit consisting of a St. Joe shovel and 
four to six operating drillers breaking rock for that 
shovel. To eliminate unnecessary moving time, op- 
erators attempt to keep the stopes that a shovel 
serves restricted to a small area of the mine. Knowl- 
edge of the future of each stope in the unit facili- 
tates preservation of the unit. Replacements for 
stopes nearly mined out can be anticipated and 
nearby orebodies can be prepared for mining. At 
most mines a flexible balance is maintained among 
stopes in different stratigraphic zones. Knowledge 
of the approximate life of stopes indicates which 
levels of the mine need further development. 

The objective is to avoid expedient development 
at the expense of future operation and to give better 
balance to the mine which may lead to a longer life 
and more complete ore extraction. A basis is pro- 
vided for deciding whether attention can be given 
to long development jobs or whether efforts should 
be made to open up a number of orebodies quickly, 
whether high tonnage, low grade orebodies can be 
developed or whether attention should be given to 
improving grade. 


Information given in the stope evaluation also 
points up additional development that may be 
needed before all the orebody can be mined. The 
development necessary to continued operation of the 
stope can be anticipated and worked into the sched- 
ule. Geologic knowledge that is useful in anticipa- 
tion of future mining problems in the stope is 
brought to the attention of the mining department. 
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System 


Measures Heavy Slurry Density 


by Bernard Rachlin 


N the mineral industry measurement of density or 

specific gravity of slurries is often necessary or 
highly desirable. To date the most successful method 
of measuring the specific gravity of various media is 
to hand weigh a constant volume sample of the 
slurry. This method is time-consuming, however, 
and is intermittent rather than continuous. 

Most density measuring instruments in use today 
are variations of three basic systems: air bubble 
tube systems, radioactive methods, and displacer 
systems. 

The high cost of the radioactive cell, combined 
with the precision electronic measuring that is re- 
quired, limits the practical utility of this procedure 
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to a small percentage of critical processes. In the 
air bubble systems: clogging of the bubble tubes 
with solids has rendered this type of measurement 
completely ineffectual for many applications. Con- 
tinuous or intermittent purging of the bubble tubes 
with air or water to prevent tube clogging has been 
tried but has not been very successful, especially in 
the heavy media process. 

The displacer system, which presents the fewest 
complications of all the density measuring systeins, 
consists only of a metal immersion unit and a means 
of weighing it. In the past, settling of the solid in the 
slurry has caused untrue samples and clogging of 
the media at the bottom of the chamber. It is also 
important to dampen excessive flow surges such as 
those caused by reciprocating pumps. The system de- 
scribed here successfully overcomes these difficulties. 

Description of the Process System: The process 
equipment, on which the field tests were run, was a 
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Dorrco Fluo-Solids system, Fig. 1, used in roasting 
sulfides for sulfur dioxide production. For best effi- 
ciency it is necessary that a heavy slurry of pyrite 
ore and water with specific gravity between 2.60 and 
2.65 be pumped into the reactor. 

Location of the density measuring system in the 
process was of very great importance. For proper 
control of density, it was necessary that density of 
the ore slurry be measured as soon as possible after 
the pyrite ore and water were mixed. Also, the den- 
sity system had to be located so that advantage 
could be taken of a process pump to circulate the 
slurry through the sampling chamber. 

With these two points in mind, it was decided that 
the density system should be located at the end of 
the pipeline from the make-up tank to the top of the 
storage tank. At this location the reciprocating pump 
would pump the slurry from the make-up tank, 
through the sampling chamber, and to the storage 
tank. Thus the density of the slurry would be meas- 
sured only a few minutes after the slurry was made. 

Type of Density Measuring System: This density 
measuring system consists of a detecting unit and a 
transmitting unit. It produces a transmitted pres- 
sure, with a range of 3 to 15 psi, that is proportional 
to the density of the slurry in the sampling chamber. 
An indicating, recording, or controlling instrument 
calibrated for the 3 to 15 psi range can be connected 
to the transmitter. More than one receiving instru- 
ment can be connected if desired. 

The detecting unit in this case is a displacer sus- 
pended in the slurry in the sampling chamber. A 
density change is detected by the apparent change 
in weight of the displacer, which results from the 
changed buoyant force of the slurry on the dis- 
placer. The change in apparent weight of the dis- 
placer, caused by the change in specific gravity of 
the slurry, is then transferred to the transmitting 
unit. 


HEAD 
LOCATION OF TANK 
DISPLACER TYPE 
DENSITY SYSTEM 


WATER 
SLURRY FLUOSOLIDS 
STORAGE REACTOR 
TANK 


LOG WASHER 


Fig. 1—Process 
equipment, Fluo- 
Solids system. 
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TANK 


DIAPHRAGM 
RECIPROCATING 
PUMP 


The relationship between the apparent weight of 
the displacer and the specific gravity of the slurry 
is as follows (Eq. 1): 


[1] 


where A.W. = apparent weight of displacer in 
pounds = T.W.—B.F., T.W. = true weight of dis- 
placer in pounds, B.F. = buoyant force of the slurry 
in pounds = 62.4 (V)(S.G.), V = volume of dis- 
placer in cubic feet, and S. G. = specific gravity of 
the slurry. Density of water under standard condi- 
tions of temperature and pressure = 62.4 lb per 

Since T.W. and V are constants for any given in- 
stallation, the apparent weight must vary inversely 
with specific gravity. The displacer was so designed 
that its actual or true weight would always be 
heavier than the weight of the volume of slurry dis- 
placed in the sampling chamber. 

The Brown pneumatically operated differential 
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Fig. 2—Cutaway view 
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relay. 
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converter unit (see Fig. 2) is an ideal instrument for 
measuring this apparent change in weight of the 
displacer. The differential converter unit works on 
the pneumatic balance principle, wherein a force 
resulting from a change in the variable is opposed 
by a pneumatic force, and this opposing force is a 
measure of the variable. The apparent change in 
weight of the displacer would be the variable. Since 
forces are balanced rather than motion, movement 
of the unit is held to a very small value—a few 
thousandths of an inch. 

By pin-connecting and suspending the displacer 
from the primary beam of the differential converter 
unit, a different pneumatic signal can be obtained 
for every change (or apparent change) in weight of 
the displacer. This pneumatic signal can then be 
transmitted to a Brown pneumatic receiver which 
continuously indicates and records these changes in 
units of specific gravity on a circular chart. For these 
tests a differential converter was calibrated to pro- 
duce a linear pneumatic signal that would corres- 


PNEUMATIC 
RECEIVER 


DIFFERENTIAL 
CONVERTER 
20 PS. AIR SUPPLY 
it 
Ny 
| | 
Vt 


FLOW OUT 
TO 


TRANSMITTED 


STORAGE 


TANK + SAMPLING Fig. 3—Initial 
CHAMBER 

(4" STD, PIPE) density system 
DISPLACER installation. 


FLOW IN FROM 
MAKE-UP TANK 


the displacer-type system, some means of dampening 
these surges must be found before this density meas- 
uring system can be acceptable. 

The immediate problem was to design a chamber 
that would maintain the slurry at or above a cer- 
tain level and simultaneously prevent clogging at 
the bottom of the chamber due to settling out of the 
solid material. Usual designs called for the slurry to 
enter at the top of the chamber and to discharge 
through the bottom of the tank. To obtain the nec- 
essary level to immerse the displacer completely, 
some type of restriction would be placed at the bot- 
tom. Theoretically, the restriction would permit a 
steady draining of the slurry entering the chamber, 
but not in sufficient volume to prevent the necessary 
level from being maintained. In actual practice this 
was not the case. If the restriction was too large the 
level could not be maintained, if too small the re- 
striction plugged. A number of adjustable restric- 
tions such as pinch valves were tried, but none 
proved very successful. 
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pond to a range in specific gravity from 2.00 to 4.00, 
with an accuracy and readability to better than 0.02 
sp gr. 

Design Requirements of the Sampling Chamber: 
The sampling chamber is one of the most important 
parts of this density measuring system. Because of 
the type of slurry being measured and because of 
the location of the chamber in the process, the 
sampling chamber must meet the following design 
requirements: 

1) It must maintain a level of slurry in the 
chamber which will keep the displacer completely 
immersed at all times. 

2) It must provide a sample of slurry to be meas- 
ured which will truly represent the slurry being 
pumped from the make-up tank to the storage tank. 

3) It must maintain a circulation of slurry 
through the chamber so that the density system can 
measure immediate changes in density of slurry 
from the make-up tank. 

4) It must not clog at the bottom of the chamber 
because of settling out of the solid material. (This 
has been the biggest stumbling block to all types of 
density measuring systems in the past.) 

5) It must eliminate the surges due to normal 
flow and, in this installation, to the pulsations of the 
reciprocating pump that pumps the slurry to the 
storage tank. Pumping of this type can cause the 
most violent flow surges throughout the entire proc- 
ess as well as the density chamber, but it may pre- 
sent no problem for the remainder of the system. 
Because flow surges do present such a problem in 
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Initial Design of the Sampling Chamber: Since 
the usual chamber designs would not be satisfactory 
for slurries of the type used in the Fluo-Solids sys- 
tem for roasting sulfides, another line of attack had 
to be taken. The initial design, Fig. 3, called for the 
chamber to be made from a 4-in. standard steel pipe 
3 ft long. The bottom of the chamber was reduced 
for assembly with a 2-in. T pipe fitting, and the 
pipeline from the make-up tank was union-con- 
nected to one end of the fitting. A hose connection, 
fitted to the other end of the T, was swept up in an 
arc to a Y fitting located approximately 1 ft from 
the top of the chamber. One branch of the Y fed 
into the chamber, the other branch directly into the 
main storage tank. An overflow line, from a fitting 
assembled about 9 in. from the top of the chamber, 
also fed directly into the main storage tank. There 
were no other pipelines feeding the main storage 
tank from the make-up tank. 

The theory behind this design was that constant 
circulation could be maintained inside the density 
chamber. Flow would be from the main pipeline, 
through the T connection, and in a sweeping are to 
the Y fitting. From the Y, part of the sluiry would 
flow into the sampling chamber and the remainder 
would flow directly to the main storage tank. Inside 
the chamber the flow would be in two directions. 
The major portion of the slurry would flow through 
the overflow fitting to the main storage tank. The 
minor flow would be down through the bottom of 
the chamber to the T and then swept into the main 
slurry flow from the make-up tank. 
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Fig. 5—Comparison of initial and final chart records, show- 
ing extent of reduction. 


Clogging at the bottom of the chamber could not 
occur because any solid material that might tend to 
settle out would be swept into the slurry flowing 
through the T assembled to the main pipeline. Since 
the slurry could only be discharged from the density 
chamber through the overflow fitting, the level in 
the chamber would always be maintained at or 
above this point. Since the top of the displacer was 
located at a point about 6 in. below the overflow 
fitting the displacer would always be fully immersed. 

Results of Initial Field Tests of Density Measuring 
System: A density measuring system was assembled, 
incorporating the designs of the modified differential 
converter and sampling chamber as previously de- 
scribed. The displacer, made of stainless steel, was a 
cylinder of 3 in. diam and 17 in. long. A stainless 
steel rod %4 in. diam was welded to the top of the 
displacer and pin-connected to the end of the pri- 
mary beam of the differential converter. With air at 
20 psi supplied to the differential converter and with 
a pneumatic receiver, calibrated to indicate and 
record the specific gravity of the slurry through a 
range from 2.00 to 4.00, pneumatically connected to 
the output of the differential converter, the displacer 
type density measurement was placed in operation. 

Results of the initial tests were very gratifying 
but not completely successful. The primary problem 
that caused all previous attempts of continuously 
measuring slurry density to fail was solved. In more 
than two months of process operation, and for a 
period of about 5 hr each day when the ore slurry 
was being made and pumped to the main storage 
tank, the displacer remained completely immersed 
while the necessary circulation was maintained to 
prevent clogging at the bottom of the sampling 


chamber. Not a single instance of clogging occurred 


during this period of operation. 

The unsuccessful portion of the test was due to 
the violent flow surges through the sampling cham- 
ber produced by the pulsations of the reciprocating 
pump. From the chart records, Fig. 5, it seemed that 
the density was cycling through a band 0.20 S.G. 
wide. Because of the erratic pulsations of the pump 
it was impossible to determine even approximately 
the true specific gravity point between the two ex- 
tremes. In addition, due to the wide cycling band, 
slight changes in density of the slurry did not show 
up in the chart record. 

Revised Design and Field Tests: It was apparent 
that some means must be found to dampen surges in 
the sampling chamber. Since the primary purpose 
of the sampling chamber had been accomplished, it 
was necessary that the same general arrangement of 
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the original design be maintained. Through labora- 
tory tests of various modifications of the original de- 
sign the present design was evolved. It is shown 
diagrammatically in Fig. 4. A specially designed 
baffle was added to direct the flow of slurry through 
the chamber. 

The redesign has practically eliminated the 
surges in the slurry surrounding the displacer. 
Fig. 5, which compares initial and final chart records, 
shows the extent of the surge reduction. Whereas 
the original installation cycled through a band 0.20 
S.G. wide, the maximum band through which the 
latest installation cycles is 0.04 S.G. Samples of 
media taken from the chamber at the displacer and 
manually weighed indicated that the true specific 
gravity could be considered the midpoint of the 
0.04 S.G. band. In the latest tests, therefore, the 
density measuring system measured to within 0.02 
of the actual specific gravity. 

This system has also shown accurate and almost 
immediate response to all density changes in the 
media. Samples of media taken from the sampling 
chamber were compared to samples of media flow- 
ing directly to the main storage tank. The same 
specific gravity was found for comparable samples. 

After one month of operation this density system 
continued to perform very satisfactorily. No build- 
up of solids at the bottom of the chamber resulted, 
and no special attention or maintenance procedure 
was required to keep the system operating. After 
each day’s operation, to prevent accumulation of 
dried slurry in the pipeline, clear water is pumped 
for about 5 min. through the pipeline between the 
make-up and storage tanks. Any excess water left 
in the pipe is then drained through the pump. No 
alteration to this procedure was necessary with the 
installation of the density system. The sampling 
chamber is cleaned and drained along with the 
pipeline. 


Conclusions 

Successful development of a displacer-type den- 
sity measuring system for slurries has been accom- 
plished. The differential converter unit, modified 
for assembly with the displacer, proved very satis- 
factory in measuring the slurry density in the sam- 
pling chamber and transmitting it to the Brown 
pneumatic receiver recorder. 

Design of the sampling chamber, the key to the 
entire density system, maintained the level of a 
true representative sample of slurry to keep the 
displacer completely immersed. No clogging or even 
build-up resulted at the bottom of the chamber due 
to the settling out of the solid material. Violent 
surges caused by the reciprocating pump which 
pumped the slurry from the make-up tank to the 
main storage tank were eliminated. Necessary cir- 
culation was maintained so that slight changes in 
slurry density from the make-up tank were imme- 
diately sensed by the displacer and indicated by the 
pneumatic receiver. 

This design should be applicable to any slurry 
density measurement where a sample can be pumped 
by any means to the sampling chamber. With such 
a sensitive, stable, and trouble-free measuring sys- 
tem, addition of conventional control systems to 
maintain constant specific gravities can readily be 
accomplished. 
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Discussion 


Mineralizing Solutions That Carry and Deposit Iron and Sulfur 
(MINING ENGINEERING, page 1012, October 1956; AIME Trans., vol. 205) 
by Eldred D. Wilson 


Apropos of metals low in the series illustrated by 
Dr. Butler’s Table II, it is interesting to note that Cress 
and Feldman” reported traces of platinum metals in 
several samples of alunite. They found, chemically and 
spectrographically, several traces of platinum, pal- 
ladium, and rhodium in alunite from Sugar Loaf Peak, 
near Quartzite, Ariz.; silver, platinum, and rhodium in 
alunite from Rio Grande County, Colorado; and traces 
of rubidium and gallium in various samples of alunite. 
These authors stated that the platinum metals appear 
to be present as oxides and suggested deposition by 
hydrothermal solutions under near-surface conditions. 

As described by Heineman,” the wall rock of the 
Sugar Loaf alunite veins shows considerable alunitic 


alteration. Pyrite and hematite are relatively abund- 
ant in the wall rock but decrease progressively near 
the veins. 

Assays of samples of the Sugar Loaf alunite, run by 
J. B. Cunningham of the University of Arizona College 
of Mines, showed traces of silver and 0.002 to 0.004 oz 
of gold per ton, but the chemical form of the gold and 
silver in this occurrence remains undetermined. 
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Discussion 


Analysis of Roof Bolting Systems Based on Model Studies 


(Mining Engineering, page 954, October 1956; AIME Trans., Vol. 202) 


by J. P. Zannaras 


If we assume that testing of the model started at 
time t., that time t. was the instant at which the elastic 
limit of the material was passed at the points of the 
maximum stress, and that at time t, the failure of the 
model was completed as shown in the typical photo- 
graph (Fig. 1), then actually the photograph shows 
the final results of what took place between time fz 
and fs. 

By the principle of similitude all conclusions drawn 
from the behavior of the model were applicable and 
valid for actual mine roofs up to the time t. after time 
t2 motions and friction came into play during the de- 
struction of the model. 

The events between ft. and t; and the photograph it- 
self are not representative of the events expected in an 
actual mine roof unless corrections imposed by the 
principle of similitude are made. 

It can therefore be stated that all conclusions and 
observations of the author from the photographs are 
applicable only to his small-scale experiments and not 
to actual mine roofs. 

Without investigation of the true stresses or the 
combined maximum stress induced in the beds it has 
been assumed by the author that failure occurred 
solely due to bending stress caused by loading of the 
beds. (The author states that D was taken to be the 
theoretical strain given by elementary beam theory.) 

Fig. 1 shows that the beds were clamped together. 
This clamping was necessary to prevent slipping of the 
beds due to the horizontal shear. However, this clamp- 
ing caused an uncontrolled and undertermined com- 
pressive stress S at the end of the beds, and this com- 
pressive stress caused a true tensile stress 4S (A Pois- 
son ratio). 

This true tensile stress combined with the tensile 
stress produced at the end of the beds due to loading 
(fixed beam uniformly loaded), and the horizontal 
shear which is maximum at the end appears to be the 
most probable maximum stress produced in the beds. 

It is therefore evident that the author in perform- 
ing this experiment has introduced stresses in the 
model not existing or dissimilar to actual mine roofs, 
and therefore his conclusions may be applicable to his 
small-scale experiments but inapplicable to actual 
mine roofs. 

Louis A. Panek (author’s reply)—The discusser’s 
difficulty is related to mechanics of materials rather 
than similitude. The effect of time did not enter into 
the tests in any way, being simply excluded from con- 
sideration in this study, because all quantitative results 
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entering into the design equations are based on meas- 
ured (between time t: and time ft.) bending strains 
that are well below the breaking strain (ie., in the 
elastic range) for the model material. Time does not 
become a significant factor until the rock stress reaches 
80 to 90 pct of the breaking stress.‘ The objective of 
this investigation was not to predict that bolted roof 
will fail after time t, but was instead to develop a 
safe roof, that is, roof in which the bending strain is 
much less than (say less than 50 pct of) the breaking 
strain. 

The models tested to failure had no direct bearing 
on the design equations. Although for some rocks time 
may influence the magnitude of stress or strain at 
which fracture occurs, breaking stress or breaking 
strain values were not employed for any purpose in 
this investigation. Tests to failure were made only to 
obtain additional evidence regarding the behavior of 
the bolted laminae’ as evinced by the locations of the 
cracks. As stated in the last paragraph of the paper, 
if one wishes to predict the time or stress conditions 
for which the roof will fail, additional information is 
required. 

The reason for clamping the laminae is to make 
them behave liked clamped beams, which closely ap- 
proximate the clamped-plate condition of the actual 
mine roof beds (Ref. 5, p. 1; Ref. 6). The writer has 
previously demonstrated that the bending stresses in- 
duced by centrifugal loading in a clamped model 
beam are in agreement with those predicted by theory;’ 
hence clamping has’ no significant effect on the bend- 
ing strains measured during a test. Moreover, actual 
mine roof beds are likewise subject to a clamping effect 
due to weight of superincumbent strata carried by the 
pillars or ribs on each side of the opening. 

It is emphasized that this study was restricted to 
evaluating only the reinforcing effect produced by 
the bolts. Procedures employed in the experiments and 
in the data analysis were such as to deliberately ex- 
clude the effects of other factors. The objections offered 
are therefore invalid. 
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